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Abstract: A strengthen method that was used quite extensively during the mid 1970s is steel plate bonding, this
method has gained renaissance in the last decades. This paper presents experimental work includes investigation
of four simply supported reinforced concreate beams under pure torsion. The first beam was the control beam
without strengthening. The other three beams were strengthened externally by bolted steel plates. The most
important variable was the spacing between shear connectors .The discussion of results are based on torque-
twist behavior, beam longitudinal elongation behavior and the influence of the spacing between shear connectors
on cracking torque, ultimate torque and failure modes.

Keywords: Torsional Reinforced Concrete, Shear Connector, Composite Concrete Steel Beams.

fon A yal) Ao A0 ciliinl) G sl Ao ) Jayl g5 (o Abualdl) cildlocal) 50
gi\ 3359 J.,\SUMA&AAJ\

Gl 38 o) sl Gy (m a4l (3B (a8 BV iy Aalosall Al A Clial) A g Ay sk e el
cltiall 5 A8 ¢ s Aial) 028 5 5 plasul) Aie sa il o2 (gaal | & ) oo il s dalie il A e day Y il il ey
<l sidl sl (shear connectors ) o=l Ja s alaainly La Jla Leday ) o doanas il aladial b s e s 5 (5 ,aY) 25208
ai.(shear connectors ) =il a5 5 G 2oLl Clile o 5 sial) dslu Al Cliiall Coyeat o s il 48 el Lgie (5 all &5
S e oal hals) o el clilue ,al s cilgad) Adaia) 5 ol sl sl - M ade Gl e Talaie] pandll mil Al

Sl sl 5 oaad) 5 )

1. Introduction

In civil engineering construction, the aim of using or selecting any material is to make
full use of its properties in order to get the best performance for the formed structure.
Availability, structural strength, durability and workability, all these factors are required
for the construction material in any modern structural engineering application [1].
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The properties of each material differ from the properties of another material; thus there
is no material that can provide all the structural requirements. This is the reason for using
two or more materials and connecting them together in order to make full advantage of
their properties in getting one structural element that uses the desirable properties of the
materials. The advantage characteristics of different materials are combined to produce a
member with high carrying capacity. Then, the structural member of two or more materials
IS known as a composite member [2].

Although the word composite may refer to all kinds of different materials connected
together, in this study the term composite construction means steel plates attached to a
reinforced concrete beams by means of mechanical connectors. The functions of these
connectors are to transfer the forces between the two components, thus sustaining the
composite action.

Composite reinforced concrete—steel members in a structure may be subjected to axial
forces, shear forces, bending moments, torque, or a combination of these effects. Most of
the previous studies were focused on the influenced of steel plates on the flexural behavior
of conventional concrete beams, where the steel plate was attached to their bottom face by
using epoxy or by bolting technique. Studies on torsional behavior of composite concrete-
steel beams using steel plates are limited, and to a certain degree controversial. So that to
increase the experimental database on torsional behavior of composite concrete-steel
beams the present research will be tested composite reinforced concrete-steel beams under
pure torsion.

2. Research Objective

The objective of this investigation is to evaluate the effectiveness of the spacing
between shear connector on the behavior of composite reinforced concrete — steel beams
subjected to pure torsion. Discussions are presented regarding the cracking torque, ultimate
torque, mode of failures, angle of twist of the beams and beams longitudinal elongations.

3. Experimental Program

Structural members curved in plan, members of a space frame, eccentrically loaded
beams, curved box girders in bridges, spandrel beams in buildings, and spiral stair-cases
are typical examples of the structural elements subjected to torsional moments as shown
in Fig. 1 and torsion cannot be neglected while designing such members. Structural
members subjected to torsion are of different shapes such as T-shape, inverted L—shape,
double T-shapes and box sections. These different configurations make the understanding
of torsion in RC members a complex task. In addition, torsion is usually associated with
bending moments and shearing forces, and the interaction among these forces is
important. In order to improve the level of understanding of the effectiveness of
strengthening of RC beams for torsion and to simplify the torsional characteristics, in the
current study only square cross sections subjected to pure torsional moment were
investigated.
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Figure (1): Examples of torsion in structural members Bl

a: Inverted - T beam supporting pre-cast floor slabs.
b: Spandrel beam

c: Box girders.

3.1. Test Beams

The experimental program consists of testing four composite reinforced concrete-steel
beams subjected to pure torsion. One of these beams was a reinforced concrete beam without
externally strengthening it was test as reference beam (BN), the other three beams were a
composite beams where the reinforced concrete beams strengthened by externally steel plate
which connected to both sides of the beam. All the tested beams have the same dimensions
which are 100mm width, 200mm height and 1500mm length. The compressive strength of all
beams tested is almost the same of (30MPa) value as well as similar steel plate thickness and
steel plate area. Farther more, constant steel reinforcement are used in all composite concrete-
steel beams are similar with (p= 0.91%) and with spacing between closed stirrups of (80mm)
c/c. The spacing of stirrups as well as the reinforcement ratio and the limitations of
reinforcement was according to ACI Code 318-95 [4]. The main variable conducted
throughout the test program was the spacing between shear connectors which was (50mm) in
(B1), (75mm) in (B2) and (100mm) in (B3). The typical bolts distributions of the steel plates
were shown in figure (2).
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Figure (2) Typical Bolts Distribution of the Steel Plates [all dimensions in centimeter (cm)]
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3.2. Specimens Reinforcement

The steel reinforcement of the tested beams consisted of two 10 mm diameter bars at the
bottom and twol0 mm diameter bars at the top of the beam used as anchor bars. Shear
reinforcement was provided in the form of two-legged rectangular stirrups with standard
hooks. Stirrups were made of 6 mm diameter bars. The stirrups were 70 mm wide and 150
mm in depth. The center-to-center spacing of the stirrups was 100 mm. Figure (3) shown the
details of steel reinforcement in the reinforced beams. The yield stress, ultimate strength and
longitudinal elongation of steel reinforcing bars used in this study are summarized in Table

(D).

Table (1): Specification and Test Results of Steel Reinforcing Bar Values

. Measured . . Elongation
Diameter Diameter (mm) Yield Ultimate %
of Bar Stress'” Strength
(mm) (N/mm?) (N/mm?)
8 8 496 612.9 17
10 10 521 615.7 19

(*) Each value is an average of three specimens.

(@)

Figure (3): Defiles of Beams Reinforcement
(a) Cros Section of Steel Reinforcement.

(b) Reinforcement Profile along the Beam.
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3.3. Steel Plates Properties

The externally strengthening which used in the present study were steel plate with (2mm)
thickness, (1250mm) length , (150mm) height. Table (2) explained the yield stress, ultimate
strength and longitudinal elongation of steel plate used in this study.

Table (2): Specifications and Tensile Test Results of Steel Plates

Steel Thickness of Yield Ultimate Elongation
Specimens Plates (mm) stress strength (%)
(N/mm?) (N/mm?)
Steel Plates 2 386.3 426.6 15.2

3.4 Mechanical Shear Connectors

Different types of shear connectors are available in practice. The most widely used type of
connectors is the head stud. This type is used in this study with diameter (8 mm) and length
(45 mm). The test used is direct- shear strength and the aim of this test is to know the ultimate
shear strength of the bolt.

The connectors were tested under direct shear strength test. This test is carried out on stud
connectors by using two channels [80*40*6 mm] welded as box and placed inside external
box which made of welding two channels of dimensions [100*50*6 mm], after that three
holes are made on each side and the same distance, as shown in Figure (4). The procedure of
this test is by putting two bolts; one is on each side and applied the load slowly until failure.
The observed mode of failure was the cutting of the bolt at the interface. The average shear
force is (17.5) kN.

Figure (4) The direct- shear strength test
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3.5 Testing Procedure

All reinforced concrete beams have been tested using a Universal Testing Machine model
(8551 MFL system) with a maximum capacity of 300 tons, This machine was calibrated by
the "lIragi central organization for standardization and quality control”. The beams were
placed in the machine on free supported rollers at each end with clear span of 1400mm. The
equipment and other accessories for the manufacturing and testing arrangement of the tested
beams were all available in the Structural laboratories, Engineering College of Al-
Mustansiriyah University.

The MFL testing machine is capable of applying vertical load on the specimen at several
points but the supports for the loading of this investigation should remain in position without
rotating around the longitudinal axis of the beam. In this research the loads were applied
outside the bed of the universal machine to get torsion. The supports were designed to be able
on rotating around the longitudinal axis of the beam to allow free torsion application. This
was achieved through the transmission of the applied load from the center of the universal
machine to the two external points representing the moment arm, Figure (5).

The special clamping loading frame on each end of the beam used in this research is
shown in Fig. (5) This frame consists of two large steel clamps which work as arms for
applied torque with separated faces to connect them over the sample by large bolts, four bolts
were used for each arm. This frame is made of thick steel plate (12 mm) with two steel shafts
attached by screws.

Fig. (5) clamping loading frame

The steel girder of (250 mm) depth and (2500 mm) long was used to transmit the loads
from the center of the universal machine to the two arms (pure torsion). This girder was
clamped to the universal machine as shown in Figure (6), the idea of this loading arrangement
was mentioned by Zararis and Penelis PLAIl beams were tested under monotonically
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increasing torque up to failure, the load was applied gradually. For each (5 kN) load
increment, readings were acquired manually. The torque was increased gradually up to failure
of the beam; Figure (6) shows test setup.

Figure (6): Arrangement of Beam Testing

3.6. Measuring Instruments
3.6.1. Angle of Twist Measurements

A simple method was used to estimate the angle of twist by using two dial gages attached
the bottom fiber of the end of beam at a point (35 mm) from the center of the longitudinal axis
of the beam as shown in Figure (7).The two dial gages on the right and on the left recorded
the uplift and down values to find the twist angle in radians.

Bottom fiber of beam

Down

reading

Figure (7): Angle of Twist Measurement
3.6.2. Elongation Measurements

Two horizontal dial gages were fixed at the center of the beam ends to measure the axial
displacement of the beam as shown in Figure (8)
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Figure (8): Elongation Measurement

4. Results and Discussion

4.1. Effect of Bolts Spacing on Load Carrying Capacity

The load carrying capacity reflects the maximum torsional moment and represents the
ultimate applied load on the tested beam, after that drop in machine reading appears with
rapidly deformation on beam, which termed as failure. Figure (9) shows this value for the
tested beams.

The general Test results show that the reinforced concrete beams strengthened with bolted
steel plate gain an increase in torsional strength over that of the unplated beam (BN)
depending on the spacing between bolts, where both the cracking and ultimate torque
increased as the spacing between bolts decreased. The composite beams with bolts spacing
(100mm) exhibited an increase in cracking and ultimate torques (150 %) and (178 %)
respectively. More increment at both cracking and ultimate torques were recorded for the
composite beams of (75mm) spacing between connectors (200 %) and (206 %) respectively.
While the largest increment at cracking and ultimate torques were recorded for the composite
beams of (50 mm) spacing between bolts (250%) and (278 %) respectively in comparison
with reference beam (BN).
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Figure (9): Load carrying capacity of the tested beams
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4.2. Effect of Bolts Spacing on Angle of Twist

The torque twist response of the tested composite beams strengthened with steel plate
connected with different bolts spacing (50, 75 and 100) mm was presented in figure (10). The
experimental test results indicated that the spacing of shear connectors had a good
contribution in improving the torsional resistance of the composite beams. Figure (10)
indicates that there was a significant decreasing in angle of twist Furthermore increment in
both the area under the curve (stiffness) and the ductility of the composite beam as the
spacing between bolts decreasing this behavior due to the increasing of number of shear
connector as the spacing decreased, the increment in number of shear connectors provides
more interaction between the composed materials which enhance the composite action
between the reinforced concrete beam and the external steel plates.
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Figure (10): Torque—Twist Behavior of Composite Concrete-Steel Beams

4.3. Effect of Bolts Spacing on Longitudinal Elongation

Figure (11) explained the torque — longitudinal elongation relationship. From this figure it
can be found that the bolts spacing had a significant contribution in decreasing the
longitudinal elongation of composite beams, where the longitudinal strain of the composite
beams decreased as the spacing decreased because of the increase in number of shear
connectors which restrict the composite beam and constrain the diagonal cracks from widen.
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Figure (11): Torque— Longitudinal Elongation Behavior of Composite Concrete-Steel Beams
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4.4. Modes of Failure

All the reinforced concrete beams were tested under pure torsion loading failed in torsion.
Figures (12), (13), (14) and (15) show the modes of failure for the tested beams.

Figure (12): Failure of Reference (BN) Finger (13): Crack Pattern and Failure Mode of

Specimen composite beam (B1)

Figure (14): Crack Pattern and Failure (B2) of Figure (15): Crack Pattern and Failure
Mode of Composite beam (B2) Composite beam (B3)
5. Conclusion

Based on the results obtained from the experimental work, the following
conclusions are presented.

1. Using shear connectors to attach steel plates is successful and they are efficient in
developing the composite action between the reinforced concrete beams and the
external steel plates up to failure if they are properly designed in size and number to

transfer the composite action.
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2. The strengthening of reinforced concrete rectangular beams with steel plate under pure
torsion increases the cracking load from (150 % to 250%) depending on the spacing
between shear connectors.

3. The strengthening of reinforced concrete rectangular beams with steel plate under pure
torsion increases the ultimate load from (178% to 278%) depending on the spacing
between shear connectors.

4. Ductility and energy absorption capacity of the composite concrete-steel beams
increase considerably when the bolts spacing decrease.

5. The global stiffness of the composite beams increase significantly as the spacing
between shear connectors decrease.

6. Experimental results showed that the effect of the spacing between shear
connectors working at all loading stages but in different ratios. At the plastic
stage the effect of bolts spacing more than its effect in the elastic stage.

7. It was shown that as the spacing between shear connectors decreases from (
100mm) to (50mm) the angle of twist will decrease from (0.351° ) to (0.196° )
at the torsional moment of (7.5 kN.m).

8. It was shown that as the spacing between shear connectors decreases from (
100mm) to (50mm) the longitudinal elongation will decrease from (0.69) to
(0.37) at the torsional moment of (16.25kN.m).
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