Fire resistance of RC beams strengthened with bolted side-plates
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ABSTRACT
In order to study the post-fire shear behavior of the reinforced concrete beams that
were strengthened by bolted side-plating (BSP), a control beam and three BSP beams
were designed, and two of the BSP beams were subjected to fire according to the
ISO834 international standard temperature curve. Four-point bending tests have been
carried out on all the specimens. The crack development, the failure modes, and the
load-deflection curves were observed in this test. The influence of the plate width and
the temperature on the shear capacity, the stiffness, and the ductility of the BSP
specimens was analyzed. The results show that the shear capacity and ductility of BSP
beams which were exposed to fire is deteriorative, but it is still much higher than the
unstrengthened control beam. The stiffness degradation of BSP beams after fire was
serious, thus their stiffness was even lower than that of the control beam. Additionally,
increasing the width of the steel plates is an effective way to improve the shear
capacity and ductility of the BSP beams after fire, which also results in the
transformation of failure mode from brittle shear-compression failure to ductile bending
failure.
1. INTRODUCTION
The bolted side-plated (BSP) technique, i.e., attaching steel plates to the side faces of
reinforced concrete (RC) beams using anchor bolts, has received extensive
acceptance worldwide not only for the advantage of minimal additional space occupied
and convenience of installation, but also for it can avoid serious debonding and peeling
failures that are common in RC beams that are strengthened by adhesively bonded
steel plates or fiber-reinforced polymers (FRP) (Park et al., 2003). The flexural strength,
stiffness and ductility of the RC beams can be effectively improved by attaching steel
plates to the side faces of the beams using anchor bolts (Li et al., 2013; Su and Zhu,
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2005). However, recent work was mainly focused on the strengthening of post-fire RC
beams or room temperature RC beams, while the study on mechanical behaviour of
BSP beams after being exposed to fire is far from enough. Besides, the fire influence
on the components of BSP beams are not clear, which include the concrete, the steel
plates, the steel bars, the anchor bolts and the anchor adhesive mortar. The effect of
high temperature on each component was elaborated as follows: 1) the load bearing
capacity, ductility, stiffness and modulus of elasticity are progressively reduced by the
increasing temperature (Kadhum, 2014; Kodur, 2014; Arioz, 2007; Cruz, 1900); 2) as
for the steel and rebars, the mechanical properties, such as the yield strength, tensile
strength, ductility, modulus of elasticity, and elongation is decreased with the increase
of temperature (Miamis, 2007; Topçu and Işikdağ, 2008); 3) the high temperature has a
negative effect on mechanical performance of anchor bolts (Santiago et al., 2009). 4)
The Magnesium oxychloride cement (MOC) is widely used in fireproof materials and
thermal insulation materials for its advantages, such as high fire resistance, low thermal
conductivity, flame retardant and good adhesion performance (Malinowski and
Jaroszyńskawolińska, 2015; Li and Chau, 2007; Wu and Zhu, 2006; Alley and Caine,
1991). In view of these properties, the MOC was selected in this experimental study as
the anchor adhesive mortar to prevent the premature anchorage failure. Four-point
bending tests on simply-supported beam specimens were carried out, which contains
an unreinforced control beam, a BSP beams under room temperature and two post-fire
BSP beams.
2. TEST PROGRAM
2.1 Design of Specimens
A total of four RC beams with rectangular cross sections were tested in this study. The
beam CTRL was the reference without any strengthening and the other three
specimens (P2, P2T, and P3T) were strengthened with BSP technique, among them
two were exposed to fire. The BSP specimens were named in accordance with the
strengthening parameters, such as the depth of steel plates and whether they were
exposed to fire or not. The name of the specimens and the design parameters are
shown in Table 1.
Table 1 The name of the specimens and the design parameters
specimen
CTRL
P2
P2T
P3T

Plate depth (mm)
N/A
200
200
300

Bolt spacing (mm)
N/A
100
100
100

Anchor adhesive mortar
N/A
MOC
MOC
MOC

Temperature environment
N/A
Unheated
Heated
Heated

Steel Truss
Hydraulic Jack
Loading Sensor
Rigid Distribution Girder

R1 R2 R3 R4
LVDT

S5 S6 S7 S8
BSP Beam
150

LVDT

LVDT
S41

Steel Plate
Anchor Bolt

S42

Stirrup

2D12
D6@200

J4(J3)
J5(J2)

Longitudinal Reinforcement

400

LVDT
S1 S2 S3 S4

LVDT

J6(J1)

3D25

J7(J8)
LVDT

540

RC Beam

LVDT
610

200
610

540

150

Fig. 1 Details of cross section, steel reinforcement, strengthening arrangement, test setup and
locations of the measuring point for the test beams (dimensions in mm)
All the specimens had identical dimensions of 2600 mm in length, 200 mm in width
and 400 mm in depth. The transverse shear reinforcement in the form of closed steel
stirrups were plain round bars (HPB300 grade) with a diameter of 6 mm and a spacing
of 200 mm. Two ribbed steel bars (HRB335 grade) with a diameter of 12 mm and three
ribbed steel bars (HRB335 grade) with a diameter of 25 mm were longitudinally placed
at the top and bottom sides of the RC beams as compression and tension steel
reinforcement, to avoid flexural failure prior to shear failure. The thickness of the
concrete cover was 30 mm for both the top and bottom steel reinforcement. The steel
plates with a thickness of 4 mm, a length of 2600 mm, and two different plate depths
(200 mm and 300 mm), were used for the BSP specimens; and the bolt spacing of
100 mm and the MOC anchor adhesive mortar were employed as the post-installed
anchoring system. The common details of steel reinforcement and strengthening for the
test beams are shown in Fig. 1.
The investigated variables in this test program were the depth of the steel plate
and the test temperature. Two depths of steel plate were used to strengthen the RC
beams: 200 mm depth for specimen P2 and P2T, 300 mm depth for specimen P3T. In
addition, two different test temperature were applied to investigate their effect on the
shear force capacity, ductility and stiffness of the BSP beams: room temperature for
specimen CTRL and P2, high temperature for P2T and P3T, the general view of fire
test is shown in Fig. 2 and Fig. 3a.
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Fig.2 General view of specimens under fire exposure

(a) Fire test

(b) BSP beams after fire

Fig.3 Experimental phenomena after fire
All the beams were cured for 28-days under the laboratory conditions and polished
with a grinding wheel to remove the laitance and sundry on the side surfaces of the test
specimens. Afterwards, holes with a diameter of 16 mm and a depth of 92 mm were
drilled into the side faces of the RC beams by using a rotary hammer, and then the
MOC adhesive mortar was inject into the boreholes by using an injection gun after the
boreholes were cleaned thoroughly. Lastly, M12 and Grade 8.8 anchor bolts of 12 mm
in diameter, 130 mm in length were inserted into the boreholes slowly until they
reached the required depth of 92 mm.
2.2 Material Properties
The designed strength grade of concrete for the RC beams was C60. During the
casting process of the concrete, three cubic samples with a dimension of
150 mm×150 mm×150 mm were cast to determine the concrete compressive strength.
The 28-day average compressive strength of concrete was 61.5 MPa.
Three types of steel reinforcement were used in the test program: HPB300 grade
plain round bars with a diameter of 6 mm for the stirrups, HRB335 grade ribbed bars
with a diameter of 12 mm and 25 mm for the compression (top) and tension (bottom)
reinforcement of the RC beams. For the 6 mm, 12 mm, and 25 mm diameter bars, the
yield strength values were 574 MPa, 484 MPa, and 471 MPa, respectively, and the
ultimate strength values were 675 MPa, 628 MPa, and 636 MPa, respectively. The
steel plates were made of mild steel, and three 230 mm×20 mm dog-bone shaped
samples were taken from each type of plates for tensile test to obtain the yield strength
(324 MPa) and ultimate strength (469 MPa). The anchor bolts were Grade 8.8 with a
Young's modulus of 211 GPa, the yield strength of 686MPa and the tensile strength of
810 MPa. The mix proportion mass ratio of the MOC anchor adhesive mortar
(MgO : MgCl2 : H2O ) was 1000 : 384 : 277, with the water cement ratio of 0.2.
2.3 Test Setup
This experimental study was composed of two parts: a fire test and a four-pointbending shear test. As for the fire test setup, a furnace of 4.5 m × 3 m × 1.7 m was

used as shown in Fig.2 and Fig.3a, and the variation of temperatures in the furnace
followed the ISO 834 temperature curve. The specimens P2T and P3T were heated on
both the tensile soffit and the two side faces with 2 hours of heating time. The fire
protection materials used in this test was the Interchar 1120 brand supplied by
AkzoNobel Limited Company, which would intumesce at elevated temperature and
provide an insulating layer over the specimen surface.
All the RC beams were subjected to four-point-bending shear tests with a 495 mm
constant shear span (Fig.1) and a force-control multi-stage loading scheme was
adopted. Besides, both the load and the displacement were recorded simultaneously
through the data acquisition system. A series of strain gages were attached on the
longitudinal and transverse reinforcements as well as on the steel plates as shown in
Fig.1.
3. RESULTS AND DISCUSSION
3.1 Experimental Phenomena After Fire
After the exposure to fire of the BSP specimens, the fire protective coatings swelled up
and changed into char cover the steel plates, the colour of the beam turn into paleyellow and the concrete cover at the bottom surface peeled off seriously (Fig 3b).
Meanwhile, slight cracks emerged on both the BSP specimens.
3.2 Failure Modes
The typical shear-compression failure was observed for the specimens P2 and P2T
due to the eventual concrete crushing at the bending-shear region, as shown in Fig.4b
and Fig.4c.The reference beam CTRL was observed failed with shear-tension failure
due to the yielding of stirrups for its low stirrup ratio, as shown in Fig.4a. The flexural
failure mode occurred in the specimen P3T which was mainly due to the concrete
crushing and the propagation of the vertical cracks in the pure bending zone, as shown
in Fig.4d.

(a) CTRL beam

(b) P2 beam

(c) P2T beam

(d) P3T beam

Fig.4 Failure modes of the test beams
3.3 Load-deflection Responses
The load-deflection responses of all tested beams at the mid-span sections are shown
in Fig 5. For all the strengthened beams P2, P2T and P3T, there was a remarkable
increase in the shear capacity when the steel plates were bolted to the side surfaces of
the RC beams. Specimen P3T exhibited the largest loading capacity and ductility due
to additional contribution of steel plates, and because of the exposure to fire, the
specimen P2T exhibited the lowest stiffness while the specimen P2 exhibited the
highest stiffness. The increases of the first diagonal cracking load for the beams P2,
P2T and P3T were 89.2%, 48.6%, 137.3%, respectively, compared to the CTRL beam
and the increase of load-carrying capacity was 31%, 23%, 37% for the beams P2, P2T
and P3T accordingly. The increase of deflection at the ultimate load was 76%, 90%,
and 147% for the beams P2, P2T and P3T due to the reinforcing effect of the bolted
steel plates.
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Fig.5 Load-deflection relationships of all test beams
3.4 Strain Response of Stirrups and Tensile Reinforcement
The strain development of stirrups and tensile reinforcement in the tested beams is
shown in Fig. 6, and the layout of the strain gauges is shown in Fig. 1, in which J1 to J6
stands for stirrup strain while J7 to J8 means tensile reinforcement strain. Besides, only

the strain development of stirrup in specimen CTRL and P2 were illustrated here, which
was due to the damage of the strain gauges in the post-fire specimen. It can be
observed that the strains of stirrups were very small before the shear cracking occurred
and the strains of the stirrups in the strengthened beam P2 were significantly
decreased compared to those of the reference beam CTRL (Fig 6a), which shows that
the steel plates could share the shear stress of stirrups significantly. In addition, the
ascending order of the strains developed in the tensile reinforcement of the specimens
was P2 < P3T < CTRL < P2T under the same external load, which also indicates that
the addition of strengthening steel plates reduced the tensile reinforcement strains.
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(b) Tensile reinforcement at the mid-span
sections
Fig.6 Load-strain relationships of stirrups and tensile reinforcement for all test beams
(a) Stirrups in the shear span

4. CONCLUSIONS
Three BSP beams and a reference beam were experimentally investigated to
determine the shear behaviour after being exposed to fire. Based on the test
observations, the following conclusions can be drawn:
1) The shear load capacity, ductility and stiffness of the post-fire BSP beams are
lower than the unheated BSP beam. Thus, the high temperature has a negative effect
on mechanical performance of BSP beams.
2) The BSP technique for shear strengthening of RC beams is a very efficiency
method at the room temperature. The shear force capacity of the tested RC beams is
greatly improved after strengthening with the steel plate compared to the reference
beam.
3）The stiffness of the post-fire BSP beams was lower than CTRL, but the ductility
and shear capacities were still higher than CTRL. Thus, increasing the depth of the
steel plates could effectively improve the residual shear capacity and ductility of postfire BSP beams.
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