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Medium-low-speed maglevs are increasingly used in the urban rail transit industry because of their advantages, such as low noise
and low energy consumption. In this study, a finite element analysis of the responses of the subgrade that supports a medium-low-
speed maglev structure under a dynamic maglev load is presented. First, the finite element analysis considers a low-lying structure
with different elastic moduli. Then, the attenuation laws of the dynamic stress and dynamic deformation for different depth ranges
of the subgrade under the rail beam are analyzed. In addition, the magnitude of the influence of the dynamic load is clarified. The
results lead to a recommendation of a base bed thickness of 1.5 m, graded gravel or group A filler as the surface layer of filler, and
gravel soil as the bottom layer. This study provides theoretical support for the construction design of a subgrade structure under

the rail beam of a low-lying maglev line.

1. Introduction

A maglev transportation system is a rail transit system that
uses electromagnetic force to keep trains and tracks out of
contact [1]. As a new type of rail transportation system,
maglev transportation has good prospects for application in
urban transportation, regional traffic, intercity traffic, and
the national backbone network [2]. Medium-low-speed
(MLS) maglev traffic refers to a traffic system whose max-
imum operating speed does not exceed 160 km/h [3].
Since MLS maglev rail transit has advantages of low
noise, low vibration, low energy consumption, and strong
adaptability to tight curves and steep slopes [4-6], this
configuration is increasingly used in the urban rail transit
industry [7, 8]. It is important to design a proper super-
structure and substructures in rail transport systems. Rel-
evant research has examined the use of ballast-less track
systems [9] and metro track systems [10] to improve the
reliability of design and reduce the impact of vibration on

the environment. However, MLS maglev rail transit systems
mostly use the overhead line method, and there are few
application examples of low-lying structures where rail
beams are placed directly on the subgrade [11]. Past MLS
maglev line engineering research has mainly focused on
overpasses [12], and further research on low-lying structures
between the overhead line and the underground line is
needed. Additionally, there is still a lack of relevant research
and technical standards for the beds of MLS maglev sub-
grade structures.

At present, related scholars have conducted many
studies on the dynamic response of the low-set roadbed
structure of low and medium-speed magnetic levitation:
relying on the Zhuzhou test line, China Railway Second
Institute Engineering Group Co., Ltd., analyzed and tested
the stress of the roadbed under the bearing rail beam
through simulation analysis and field running tests, and
derived the stress distribution law of the roadbed filler under
the train load [13]. Cai and Yang analyzed and studied the
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key technologies of track design, track beam stiffness, and
dynamic coefficient of the test line by simulation analysis
combined with Zhuzhou field running test, respectively
[14, 15]; Gao analyzed and tested the stress of track beam and
roadbed under the track beam by field test [16]; Li’s team from
Southwest Jiaotong University cooperated with China Railway
Fourth Survey and Design Institute Group Co. Ltd., has carried
out an in-depth study on the coupled dynamics of magnetic
levitation vehicles and rails, and has conducted a systematic
study on the dynamic characteristics of the low-set structure
roadbed. The vibration response under the vehicle-low-
mounted beam coupling was obtained by the field running test
combined with numerical simulation by Li and Wang, re-
spectively [17, 18]. At present, the technical standards for
subgrade beds for MLS maglev structures, such as the use of
padding and their compaction standards [19], are formulated
mainly with reference to the technical standards for subgrade
beds for high-speed railways [20]. Therefore, the above-
mentioned series of studies were also conducted on this basis.
Research on subgrade beds of MLS maglev low-lying structures
based on speeds of 120km/h and 160 km/h is still lacking.
However, MLS maglev systems are quite different from high-
speed railway systems in their load action mode, load intensity,
and transmission method of the system structural force [21].
Fully referring to the high-speed railway design code [22]
would cause certain deviations and greater safety reserves.
Thus, it is necessary to further study the dynamic behaviors of
subgrade beds under different speed standards according to the
characteristics of MLS maglev rail transit projects [23].

The main focus of this paper is the MLS maglev subgrade
for low-lying structures. The commercial finite element
analysis software ABAQUS [24] is used to conduct finite
element analysis of low-lying structures with different elastic
moduli and to analyze the attenuation of the dynamic stress
and deformation of the subgrade. In addition, the analyses of
the trends of dynamic stress and dynamic deformation in
different depth ranges of the subgrade under the rail beam
are also implemented by ABAQUS. Finally, the magnitude
of the influence of the dynamic load and theoretical support
for the construction design of a subgrade structure under the
rail beam of a low-lying maglev line are clarified.

2. Review of Existing MLS Maglev Systems

Typical MLS maglev lines include the Aichi High-Speed
Transit Tobu Kyuryo Line in Japan [25], the Incheon Airport
Maglev in South Korea [26], and the MLS Test Line (rail
holding car) of The German Company Borg [27], as shown
in Figure 1.

Since the beginning of the twenty-first century, there
have been some relevant studies on MLS maglev technology,
and several test lines have been successively built, including
the Changsha Test Line of the National University of De-
fense Technology [29], the Qingchengshan Test Line of
Southwest Jiaotong University [30], the Shanghai Lingang
Test Line of Tongji University [31], the Tangshan test line
[32], and the CRRC Zhuzhou test line [13]. On April 5, 2002,
a MLS maglev test line developed and built by the National
University of Defense Technology and other institutions was
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opened to traffic in Changsha [23]. The test line is 204 m in
length, including a 100 m radius curve and a gradient of 4%,
with a gauge width of 2 m. The coach is 15m long and can
carry more than 130 passengers. It is designed to travel at a
speed of 150 km/h. In 2003, Southwest Jiaotong University
established the MLS maglev test line in Qingchengshan,
Chengdu, Sichuan [30]. The maglev test track is 420 m long,
and the coach is 11.2m in length, 2.6 m in width, 3.3m in
height, and 18 t in weight. By the end of 2006, the Shanghai
MLS maglev test line was completed, with a total length of
approximately 1.5km, and vehicle assembly and commis-
sioning were also completed [31]. In November 2008, the
Shanghai low-speed maglev line realized 85km/h trial op-
eration of three connected trains, and in December 2008, the
line reached a 101 km/h trial operation speed. In June 2010,
the Tangshan MLS maglev test line with a total length of
1547 m was completed [32]. This short test line of only
approximately 1,000 m incorporates various features, such as
a 70%o gradient and 100 or 50 m radius space rotation and
turning. In addition, the coach is 15 m in length and 3 m in
width. The above test lines are shown in Figure 2.

However, these existing test lines did not adopt a low-
lying structure in which the rail bearing beam is directly
placed on the subgrade. In July 2012, the MLS maglev test
line of Zhuzhou Locomotive Corporation, with a total
length of 1.7 km, was completed and commissioned. Ap-
proximately 800 m of the line was adopted in the form of a
rail bearing beam placed directly on the subgrade of a low-
lying structure. Since the MLS maglev train suspension
clearance, that is, the distance between the train and the
track, is approximately 8 mm, the requirements of defor-
mation of the offline structure, i.e., the line foundation
system below the track, are more stringent than the tra-
ditional railway lines. At that time, worldwide consensus
was that maglev rail transit should not adopt a low-lying
structure of the subgrade; thus, at the beginning of the
design of Zhuzhou test lines, there was a lack of research
about the rail bearing beam of low-lying structures.
Therefore, a conservative design was adopted: The subgrade
was filled with graded gravel, the maximum filling height
was approximately 4.0m, and the subgrade base was
reinforced with a composite foundation.

The Zhuzhou test line has been used to conduct research
on low-lying structures [13], primarily on the rail bearing
beam. The stress of the subgrade under the rail bearing beam
has been analyzed and tested through simulation analysis
and field driving tests only. The subgrade bed under the rail
bearing beam has not been studied systematically. Based on
the relevant research results of the Zhuzhou test line, the
Changsha Maglev Express Line has optimized the design of
the subgrade bed with a low-lying structure. The surface of
the subgrade is made of 0.3 m thick graded gravel, and group
A filler (the grouping standard of filler refers to the code for
railway Earth subgrade design [34]) is used below the surface
of the subgrade. The compaction standard adopted the
compaction standard of a high-speed railway subgrade bed
for reference. The main line section and depot section of the
Changsha maglev line feature 6 sections of low-lying
structures with a total length of approximately 1.2 km. Solid
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FIGURE 2: Mls maglev test lines: (a) Changsha test line; (b) Qingchengshan test line; (c) Shanghai Lingang test line; (d) Tangshan test line

(3, 12, 33].

beams are used in the main line section, and frame column
beams are used in the depot section. Two of these 6 sections
are filled embankments with a height of approximately
3.5m. This is the world’s first MLS maglev operating line
with a low-lying structure in which the rail beam is directly
placed on the subgrade, thus breaking the technical
restriction—originally maintained by experts worldwide—
that maglev rail transit should not use low-lying structure
subgrades. This design extends the geological and terrain
conditions in which MLS maglev transportation can be
applied, reduces engineering costs, and demonstrates
leading-edge technology.

Relying on the Changsha Maglev Express Line, a sys-
tematic study was conducted on the subgrade bed of a low-
lying structure [19]. The dynamic stress and deformation of
the subgrade surface, the stiffness of the subgrade, the limit
of the deformation of the subgrade, the dynamic strength of
the subgrade, the design of the subgrade, and the thickness of
the subgrade replacement of the cutting were studied. The
related research on the Zhuzhou test line and Changsha
Maglev Express Line involves the following main problems:

(1) The research objects are all MLS maglev lines with a
design speed of 100 km/h. Research on the subgrade



beds of MLS maglev lines with speeds of 120 km and
160 km is still lacking.

(2) In the theoretical analysis, the dynamic coefficient
adopts the calculation formula of the wheel-rail
system, and the dynamic stress of the subgrade
surface is considered at 30 kPa, while the measured
maximum value on the Changsha Maglev Express
Line and the Zhuzhou test line is approximately
10 kPa, which is too conservative [35].

(3) The research adopted the compaction standards of
high-speed railway filling but failed to conduct a
systematic study on subgrade filling and compaction
standards.

(4) The influence of the backfill layer and cushion layer
on the dynamic stress distribution along the depth of
the subgrade was not considered.

(5) The research results are still unable to provide
comprehensive support for the technical standards
of subgrade beds with low-lying structures. At
present, the corresponding design, including filling
and compaction standards and calculation of dy-
namic coefficients, mainly adopts the relevant
technical standards of high-speed rail, which provide
more safety reserves.

3. Numerical Modeling of a Maglev Train
Subgrade Bed

To study the force and deformation of a subgrade bed under a
maglev train load, a 3D numerical model is established based
on finite element theory using ABAQUS. The upper part is a
block-type rail bearing beam structure and track structure,
which are further described in Section 3.2. The subgrade has a
two-layer structure: the surface layer of the subgrade bed with
a thickness of 0.3 m and the bottom layer of the subgrade with
a thickness of 1.2 m. Numerical calculations are used to study
whether the structure of the subgrade can meet the required
deformation and strain control in this case. An overall three-
dimensional model diagram is shown in Figure 3. The specific
introduction is as follows.

3.1. Development of the Model. The model is established with
the aim of simulating the actual situation as much as pos-
sible, with some simplification. In the model, the maglev
train load is simplified as a uniformly distributed load, and
the bolt connection of the fixed track is simplified as a
binding contact. The track structure and the soil layer within
the vibration range have linear elastic properties [36].
Therefore, in the finite element model (FEM), the track
structure, the rail beam, and the surface filling of the sub-
grade bed are set as linear elastic models, and the other soil
layers are set as Mohr-Coulomb elastic-plastic models. The
size of the model is sufficiently large [37], and the length of
the longitudinal dimension is 3 times the length of a single-
section rail beam. The bottom surface of the model is a fixed
boundary, and the side of the model restricts horizontal
displacement. The data of the two side rail beams are
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compared with the middle rail beam. In this study, the data
of the middle rail beam was extracted and analyzed to reduce
the influence of the boundary effect of the model. The grid of
the model adopts a C3D8R eight-node linear hexahedral
three-dimensional stress element, which reduces integrals
and controls hourglass effects. The overall grid division is
relatively regular with a total of 123783 nodes and 78172
elements. The base of the rail beam is in hard contact with
the surface normal of the bed, the tangent is in contact with a
penalty function, and binding constraints are used between
other model components. When exploring the influence of
dynamic load on the foundation bed, the gravity of the
foundation bed and the foundation is not considered, but
when analyzing the self-weight stress distribution of the
depth of the dynamic load influence, gravity is considered.
The dynamic implicit integral algorithm is adopted to
simulate the running process from the head of the train
entering the middle rail beam model to the end of the train
leaving the model.

3.2. Dimensions of the Model. The upper rail beam structure
of the model mainly comprises three parts: the top plate, the
column and the base. In this model, three rail beams are
established. The length of the base of each rail beam is
11.58 m, with a 20 mm expansion joint between each section.
The bases are connected by dowel steel (Q235 steel,
950 x5x 700 mm), and the total length of the rail bearing
beam base is 34.78 m. The spacing between the blocks is
1.2 m, and the specific structural dimensions are shown in
Figure 4.

The upper part of the supporting rail beam is equipped
with a track structure. Above the top plate is an H-shaped
rail, which is connected by backing plates and gaskets as
shown in Figure 5. In this simulation, the different parts
are connected by binding instead of bolts. The F-shaped
rail is laid longitudinally at the two ends of the H-shaped
rail and is loaded to simulate the load of the actual maglev
train.

The subgrade structure is composed mainly of a sub-
grade surface layer, a subgrade bottom layer, and its un-
derlying filled layers. The total thickness of the embankment
is 3 m, the thickness of the lower base model is 2.5 m, and the
subgrade structure is modeled with a slope of 1:1.5. Con-
sidering the influence of the boundary conditions, a suffi-
cient width of the base soil is set to reduce the influence of
the boundary on the centerline of the line. There is a 0.1 m
thick concrete cushion on the surface of the base bed and a
rail bearing beam structure above the cushion. A backfill soil
layer is set around the base of the rail bearing beam. The
overall length of the model is 36.8 m, and the width is 20.5 m.
The schematic diagram is provided in Figure 6.

3.3. Material Properties. The structural properties of the
subgrade bed are determined according to the theoretical
analysis. The Mohr-Coulomb model is selected to define the
elastoplastic behavior of soils. Therefore, the deformation
modulus is used as its modulus parameter. The properties
are shown in Table 1.
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(1) track structure
(2) rail bearing beam
(3) 0.5m backfill layer

(4) 0.3m subgrade surface layer
(5) 1.2m subgrade bottom layer

(6) 1.5m embankment soil
(7) 2.5m foundation soil

FIGURE 3: Three-dimensional model diagram.
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FIGURE 4: Rail beam specific structural dimensions (unit: mm); (a) cross-sectional diagram; (b) longitudinal diagram.
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FI1GURE 5: Cross-sectional diagram of the track and rail bearing
beam.

3.4. Loading. The load acting on the top surface of the rail
beam mainly includes the dead load and the vertical live load
of the train. The dead load includes the self-weight of the rail

beam structure and the self-weight of the track structure
acting on the rail beam. According to the design achieve-
ments of Changsha Maglev Express and Qingyuan Maglev,
the height of the track structure is 0.292m (excluding the
track platform), and the dead weight of the track structure is
shown in Table 2.

The calculation shows that the dead load value is
approximately 4.5kN/m. In this simulation, this dead
load is applied by the gravity method of the track
structure. According to the “Basic Technical Parameters
of Changsha Maglev Vehicles” [38], the load of a single
train in suspension is as shown in Figure 5, and the
uniform load is 12.9 kN/m. Therefore, the actual simu-
lated load in the model is as shown in Figure 7. There are
three trains in total, and the distance between each train is
1.68m. According to the actual load width of the
F-shaped rail subjected to the maglev train, a load with a
width of 0.218 m is established in the model, which is
converted into an area load of 59.174 kPa, which is taken
as 60 kPa.
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FIGURE 6: Geometric parameters of the maglev subgrade used in the FEM.

TaBLE 1: Material properties considered in the FEM of the maglev subgrade.

Modulus of deformation Poisson’s Internal friction Cohesive force

. : 3
Soil type Density (kg/m”) (MPa) ratio angle () (kPa)
Backfill layer 1700 100 0.35 20 15
Base bed surface laver Graded broken stone 2200 140 0.25 — —
Y Group A filler 2100 140 0.3 — —
Gravelly soil 2000 120 0.3 25 20
Base bed bottom layer Coarse-grained soil 1900 97 0.32 20 25
Fine-grained soil 1850 63 0.35 20 32
Embankment soil 1850 70 0.35 25 60
Foundation soil 1700 120 0.35 32 20

TaBLE 2: Track load statistics.

Unit weight (kg/m)

Project Material . .
1.2 m fastener spacing 0.8 m fastener spacing

F-shaped steel Q235D 126.5kg/m 253.00 253.00

Senseboard Aluminum 6.80 6.80

Sleeper Q235D 95.15kg/m 115.33 173.00

Fastener QT450-10, 35VB, etc. 23.16 kg/group 38.60 57.90

Total 413.74 490.7

Average 452.22kg/m = 4.5kN/m

4. Simulation Results

The material in the X-axis direction of the subgrade structure
is continuous and homogeneous. When the train arrives at
the middle position of the model, the dynamic load of the
subgrade is the most unfavorable. The dynamic deformation
and dynamic strain of the subgrade under this working
condition are studied. At this time, the train load is over the
model, and the top surface of the foundation bed is under the
greatest stress. At this time, whether the dynamic stress,
dynamic deformation, and dynamic strain of the foundation
bed structure meet the requirements is determined. The
cross section along the X direction of the subgrade with the
largest stress distribution is selected to study the stress
distribution along the depth direction.

To facilitate analysis, horizontal and vertical coordinate
systems are established, as shown in Figure 6, for the hor-
izontal and vertical directions of the subgrade structure. The
surface of the subgrade is taken as a plane with a Z-axis
coordinate of 0. In addition, the X-axis along the longitu-
dinal direction of the line and the Y-axis along the transverse
direction are established. The centerline of the longitudinal
line is the X-axis, and the middle position along the lon-
gitudinal direction is the 0 point on the Y-axis. The coor-
dinate system is shown in Figure 8.

4.1. Dynamic Stress of the Subgrade Bed. To determine the
dynamic stress response of the top surface of the subgrade
under the moving load, first, the working conditions of the
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Ficure 8: Top view coordinate map of bed structure.

train load statically placed on the model and the moving
speeds of 100 km/h, 120 km/h, and 160 km/h are simulated.
The maximum value of the vertical dynamic stress on the top
surface of the subgrade bed is extracted under different
working conditions, and the dynamic load results on the top
surface of the subgrade bed are shown in Table 3.

When the design speed is 100~160 km/h, the dynamic
load response of the subgrade surface increases with in-
creasing speed, and the dynamic static stress ratio is the
largest (1.182) at a speed of 160 km/h. The impact of different
speeds on the surface dynamic load is generally small, with
an impact difference within 10%. Therefore, the following
analysis selects the most unfavorable working condition,
with a speed of 160 km/h, to analyze the response of the
subgrade bed.

4.1.1. Dynamic Stress on the Top Surface of the Bed.
When the dynamic load of the train acts on the middle
position of the model, the middle section is as shown in
Figure 9. The white dashed frame in the figure is the outer
edge of the concrete cushion, and the black dashed frame
is the outer edge of the base of the rail beam. The Y
coordinates of the outer edge line of the base and the
cushion layer are £1.5 m and +1 m, respectively. The stress
at this time is concentrated mainly on the position where
the rail beam acts. In addition, the stress at the three-
section base is the largest. The specific numerical analysis
is as follows.

Along the longitudinal center axis of line z, the vertical
stress distribution on the surface of the foundation bed is
extracted. The contour diagram reveals that, along the
horizontal line, the stress is not the largest at the central axis
position but close to the edge of the base. Therefore, the
stress distribution along the X-axis of the two places is as
plotted in Figure 10(a), and the stress distribution along the
Y-axis is as plotted in Figure 10(b).

The stress distribution along the X-axis direction (lon-
gitudinal) corresponds to the distribution position of the rail
beam base. At the three-section base position, the stresses at
the corresponding base bed positions are all large, and the
maximum amplitude is essentially the same. At the ex-
pansion joint between the two bases, the stress is reduced. At
+18.4 m, the stress is reduced to 0 due to the boundary effect
of the model, and the stress distribution at the two bases
adjacent to the boundary is affected to a certain extent. The
position where the maximum stress on the surface of the bed
is in the longitudinal direction is the middle rail beam at
Y =10.5m (close to the edge of the base), and the maximum
stress is approximately 13.61kPa. At the same time, the
vertical stress distribution on the central axis is relatively
small, with a maximum stress value of 9.46kPa. For the
distribution of vertical stress along the Y-axis of the bed
surface, the position X=0 is chosen. There are two stress
peaks at Y= +0.5 m. These two positions are close to the edge
of the base, and the stress amplitude is 13.61 kPa, while the
stress at the central axis is slightly smaller, with a value of
9.46 kPa. The influence range of the stress in the transverse
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TaBLE 3: Dynamic load on the top surface of the bed at different speeds.

Design speed (km/h) 0 (static load) 100 120 160
Vertical stress on the surface of the base bed (kPa) 11.51 12.67 13.06 13.61
Static and static stress ratio 1 1.1 1.135 1.182
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FIGURE 9: Cloud diagram of vertical stress distribution on the upper surface of the base bed.
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FiGuRre 10: Curve of vertical stress distribution on the upper surface of the bed surface: (a) distributed along the X-axis (longitudinal);

(b) distributed along the Y-axis (longitudinal).

direction is approximately 3m, that is, the width of the
concrete cushion. When the position exceeds 3 m, the stress
rapidly decreases to less than 1.71 kPa, which is close to zero.
The stress near the edge of the base (Y=+0.5m) is ap-
proximately 43.87% larger than the stress at the central axis
(Y=0). The conclusion can be drawn from the above
analysis that, under the full load, the maximum stress on the
surface of the subgrade is along X =0 (the middle position
along the longitudinal direction) and Y=+0.5m (the base
close to the edge), and the maximum stress is approximately
13.61 kPa.

4.1.2. Dynamic Load Influence Depth. The maximum stress
(X=0) is chosen to intercept the cross section and study the
distribution of stress along the depth direction at this time.

Figure 11 shows the distribution cloud diagram of the
vertical additional dynamic stress inside the subgrade.
The maximum stress occurs at the edge of the foundation on
the surface of the subgrade, and the stress decreases with
increasing depth. To determine the reasonable design

thickness of the subgrade, the distribution data of the stress
of the subgrade under self-weight and the stress along the
depth under different subgrade fillings only under dynamic
load were extracted. In addition, with reference to the design
of the railway subgrade, according to the principle that the
ratio of dynamic stress to subgrade self-weight stress is 0.2
produced by the train, Figure 12 can be acquired.

The attenuation curve of the additional dynamic stress
along the depth shows that the attenuation is faster within
the thickness of the substratum. When this stress reaches the
bottom of the substratum (1.5m), the stress attenuates
significantly under different filler combinations. The com-
bined stress attenuation effect of surface graded gravel-
+ bottom gravel soil is the best. When the surface filler is the
same, the stress attenuation effect decreases in turn when the
bottom filler is gravelly soil, coarse-grained soil, and im-
proved soil. From the figure, the reasonable design thickness
of the foundation bed determined under the different
foundation bed packing conditions and the attenuation of
the stress in the range of the bottom of the foundation bed is
as statistically shown in Table 4.
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Figure 11: Cloud diagram of the vertical stress distribution of the subgrade bed.
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FIGURE 12: Vertical stress distribution curve of the subgrade bed.
TaBLE 4: Reasonable thickness of different bed fillers.
Working Working Working Working Working Working

condition 1 condition 2

condition 3

condition 4 condition 5 condition 6

Base bed surface Graded broken stone

Group a filler

filler

Base bed filler Gravelly soil Coarse-gralned Improved soil Gravelly soil Coarse—gramed Impr(‘)ved
soil soil soil

Bed thickness (m) 1.46 1.50 1.59 1.49 1.60 1.70

?(f/:;’ss attenuation 36.63 35.423 3521 3571 34.132 32.243

Based on the stress attenuation curve and statistics of the
bed thickness table, the order of the stress attenuation effect
of different bed fillers is as follows: working condition
1> working condition 4 >working condition 2 >working
condition 3 >working condition 5> working condition 6.
According to the principle that the ratio of dynamic stress to
self-weight stress is 0.2, the trend in the substrate thickness is
consistent with the trend in the stress attenuation effect.
Therefore, the surface layer of the subgrade has the best effect
with graded crushed stone + bottom gravelly soil, followed
by the use of group A filler + gravelly soil on the surface.

4.2. Dynamic Deformation of the Subgrade Bed. For the
deformation of the subgrade bed, the time when the middle
section train acts on the middle position of the model is
selected, and the deformation distribution cloud diagram of
the surface of the foundation bed at this time is extracted as
shown in Figure 13 The white and black dashed boxes in the
figure are the concrete cushion and edge line of the rail
bearing beam base, respectively. The deformation is dis-
tributed mainly in the area of the rail beam, and the base of
the middle section is the main deformation position. The
specific deformation distribution is as follows.



10

U, U2
+9.059e-06
-4.619e-05
-1.014e-04
-1.567e-04
-2.120e-04
-2.672e-04
-3.225e-04
-3.777e-04
—4.330e-04
-4.882e-04
-5.435e-04
-5.987e-04
—6.540e-04
-7.092e-04
-7.645e-04
-8.197e-04

Advances in Civil Engineering

edge line of
the concrete
cushion

edge line of
the rail bearing
beam base

FIGUure 13: Deformation distribution cloud diagram of the surface of the foundation bed.

In the cloud diagram, the X-axis direction (longitudinal)
has the largest surface deformation along the central axis, so
this direction is used as a path to extract its deformation
distribution value and is drawn on the graph. The X-axis
middle position (coordinate 0) has the largest deformation
value, so the cross section on this coordinate is chosen, and
its deformation distribution curve along the Y-axis is
extracted as shown here.

Combined with the cloud image, Figure 14 shows that
there are three major deformation peaks along the X-axis,
which correspond to the three-section rail beam base. The
deformation of the middle section is consistent with the
actual deformation, while the deformation of the base at
both ends is affected to a certain extent due to the boundary
effect of the model so that the deformation at both ends is
smaller than that at the middle position. The deformation
distribution along the Y-axis can be seen at the position of
the coordinate at +1m, and the deformation value has a
more obvious turning point on the edge of the rail beam
base. The distribution within +1m is relatively uniform;
thus, the deformation is concentrated mainly on the central
axis 1 m on each side, that is, within the range of the base of
the rail beam.

Statistics of the deformation of the subgrade structure
under different filling conditions are shown in Table 4.
Combined with the surface deformation distribution curve
of the subgrade, it can be seen that the best control effect for
the deformation of the subgrade is condition 1 (surface grade
gravel + bottom gravel soil), followed by working condition
4 (surface layer group A filler + bottom gravel soil); the rest
are working condition 2, working condition 5, working
condition 3, and—finally—working condition 6.

As shown in Table 5 under working condition 1, the
maximum deformation is 0.322 mm, and the deformation at
the position of the expansion joint between the bases is re-
duced to 0.302 mm. The dynamic deformation of the working
condition (condition 3, condition 6) where the bottom layer is
improved soil exceeds the allowable limit of 0.4mm. In
summary, the position where the maximum deformation
occurs is the X-axis origin position and the Y-axis coordinate
+0.5 m (the edge of the base), with a maximum deformation
value of 0.322mm, which meets the maximum dynamic
deformation limit of 0.4 mm in the theoretical analysis.

The location that produces the largest deformation is
selected, and the cross-sectional deformation distribution
cloud map is shown in Figure 15 showing that the main
deformation is concentrated in the range of the bed.

4.3. Dynamic Strain of the Subgrade Bed. Based on the
previous analysis, the position on the surface of the foun-
dation bed with the greatest stress and deformation is de-
termined, as well as the distribution of stress and
deformation at the cross section at this location. For another
control index of the foundation bed structure, the dynamic
strain is determined based on the previous theoretical
analysis to determine whether the maximum dynamic strain
and mean dynamic strain limits are satisfied. For this
purpose, the dynamic strain distribution value along the
depth is extracted and plotted on a graph as shown in
Figure 14.

The attenuation law of strain along the depth direction of
the surface layer and the bottom layer of the subgrade is
essentially the same. The strain gradually decreases with
increasing depth. However, due to the difference between
the surface layer and the bottom layer, a sudden change in
strain occurs at the interface. The strain of the material with
little difference in the modulus of deformation changes
gradually, while the strain of the material with a large dif-
ference in the modulus of the surface and bottom changes
significantly. This is mainly because the dynamic stress at the
interface between the surface layer and the bottom layer is
continuous, so the difference in value is small. From the
stress-strain relationship formula (1), when the stress is
continuous, the deformation modulus has a sudden change,
so the corresponding strain also produces mutations.

€= E’ (1)
¢ is the strain, o is the stress (MPa), and E is the deformation
modulus (MPa).

The variation law of dynamic strain along the depth
direction is strongly dependent on the material of the base
bed under a certain load. As shown in Figure 16(a), when the
surface layer is graded broken stone and group A filler, the
strain values of the surface layer of the base bed are 0.0151%
and 0.0173%, respectively. As the depth increases, the strain
decreases. In addition, different underfills of subgrades have
a certain influence on the attenuation law of surface strain.
The effect can be ordered in turn as gravelly soil, grained soil,
and improved soil.

The different fillers on the surface of the base bed have
little effect on the strain attenuation law of the bottom layer,
but when the surface layer is graded crushed stone, the strain
attenuation effect is better than the working condition of the
group A filler, as shown in Figure 16(b). The main influence
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FIGURE 14: Deformation distribution curve of the surface layer of the subgrade: (a) distributed along the X-axis (longitudinal); (b) distributed along
the Y-axis (horizontal).

TABLE 5: Reasonable thickness of different bed fillers.

Working Working Working Working Working Working

condition 1 condition 2 condition 3 condition 4 condition 5 condition 6
Base bed surface filler Graded broken stone Group A filler
Base bed filler Gravelly soil Coarse—gralned Improved soil Gravelly soil Coarse-gralned tmp rgved

soil soil soil

Maximum deformation 0.322 0.343 0.402 0.328 0.355 0.415
(mm)
Internode deformation 0.302 0.313 0.357 0.307 0.321 0.366
(mm)
Dynamic deformation
I 0.4
limit (mm)

on the bottom layer strain attenuation law is the differencein statistics of the bottom layer under different filler conditions
the bottom layer filler, and the effect is significant. The  are shown in Table 6. The maximum dynamic strain of the
maximum dynamic strain and average dynamic strain = bottom layer under different filler conditions all satisfies
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FIGURE 15: Deformation distribution cloud map of the cross section of the foundation bed.
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FIGURE 16: Strain distribution curve of the cross section of the foundation bed: (a) surface layer of the subgrade bed; (b) bottom of the

subgrade bed.

the corresponding limits, while the only condition that the
average dynamic strain index satisfies is that the bottom filler
is gravel soil.

4.4. Influence Analysis of the Bottom Thickness of the Subgrade.
In the analysis of the previous section, the feasibility of the
1.5m thick foundation bed is verified by three indicators:
dynamic stress, dynamic deformation, and dynamic strain.
According to this analysis, this section mainly analyzes the
influence of different base bed thicknesses. In addition, two
sets of foundation bed thickness models are established:
1.2m (0.3 m surface layer + 0.9 m bottom layer) and 1.8 m
(0.3 m surface layer + 1.5 m bottom layer). The bottom layer
of the foundation bed is analyzed to further reduce the
impact on the dynamic response of the foundation bed.
Figure 17 shows the dynamic stress, dynamic deformation,
and average dynamic strain response diagrams under three
bed thicknesses.
Based on the above analysis data:

(1) With increasing thickness of the bottom of the
foundation bed, the dynamic stress response value of
the foundation bed shows a decreasing trend. How-
ever, the reduction in the stress on the upper and
lower surfaces of the foundation bed is relatively
small, while the stress reduction at the bottom of the

)

3)

(4)

foundation bed is relatively large, indicating that the
increase in the thickness of the bottom of the subgrade
has a strong impact on the stress attenuation inside
the bottom of the subgrade and has a certain impact
on the surface of the subgrade, but the effect is small.

With increasing thickness of the bottom of the
foundation bed, the dynamic deformation response
law inside the foundation bed exhibits a similar trend
as the stress. The deformation amount of the surface
layer and the interface of the foundation bed de-
creases, but the decreased value is small, and the
decrease law of the bottom of the foundation bed is
unambiguous. However, the upper and lower sur-
faces of the base bed have a much smaller reduction
than the bottom of the base bed.

For the dynamic strain response of the foundation
bed, when the thickness of the foundation bed is
1.2 m, the average dynamic strain is 0.0133%, which
exceeds the allowable average strain limit. With
increasing thickness of the base bed, the average
dynamic strain shows a significant decrease, but the
value is relatively small.

Comprehensive analysis shows that, with increasing
thickness of the bottom layer of the subgrade, the
dynamic deformation and strain response of the
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TABLE 6: Reasonable thickness of different bed fillers.

Working
condition 1

Working
condition 2

Working
condition 3

Working
condition 4

Working
condition 5

Working
condition 6

Base bed surface filler Graded broken stone

Group A filler

Base bed filler Gravelly soil Coarse—gralned Improved soil Gravelly soil Coarse—gramed Impr(.)ved
soil soil soil
?&a)’“mum of bottom 0.01376 0.0186 0.0284 0.01378 0.0187 0.0286
Threshold limit (%) 0.028 0.036 0.048 0.028 0.036 0.048
gj)erage of bottom 0.01295 0.01752 0.02652 0.01299 0.01762 0.02675
0
Average limit (%) 0.013 0.016 0.026 0.013 0.016 0.026
16 035
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FIGURE 17: Strain distribution curve of the cross section of the foundation bed: (a) dynamic stress response; (b) deformation response;

(c) dynamic strain response.

subgrade is unambiguous, while the dynamic stress
response is relatively small.

(5) The increase in the thickness of the bottom layer of
the foundation bed affects mainly the dynamic stress
and dynamic deformation response within the
bottom layer of the foundation bed and has relatively
little effect on the surface layer of the foundation bed.

The above charts and analysis establish that, under the
working condition of a 1.5m thick bed, further changes in
the bed thickness affect the dynamic response of the bed.

Increasing the thickness of the bed improves the strain and
stress attenuation effect of the bed; thus, the driving is safer,
so no further analysis is performed here. However, reducing
the thickness of the bottom layer worsens the dynamic
response of the foundation bed. Here, further statistical
analysis can be conducted on the indicators under the
working condition of the 1.2m foundation bed thickness.
The specific conditions are shown in Table 7.

When the thickness of the bed is 1.2m, the surface
dynamic stress, dynamic deformation, maximum dynamic
strain, and average dynamic strain indexes are 13.67 kPa,
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TaBLE 7: Dynamic response results of the 1.2m thick foundation bed.
. . . . Maximum dynamic Maximum Average dynamic
1.2 m thick foundation bed Maximum dynamic stress (kPa) deformation (mm) dynamic strain (%) strain (%)
Response value 13.67 0.327 0.0146 0.0133
Limit value — 0.4 0.028 0.013
TaBLE 8: Comparison of technical standards for an MLS Maglev structure.
Indexes for comparison High-speed railway design Zhuzhou test line Changsha n?aglev express This study
codes [39] line
Thlcﬁlne“/ 0.4 (0.7) — 03 0.3
Surface layer of subgrade Graded crushed
bed . Graded crushed
Filler type Graded crushed rock rock Graded crushed rock rock/group A
o filler
Thickness/
Bottom layer of subgrade m 23 B B 12
bed Filler type Group A, B filler/improved soil Gradei)ccll;ushed Group A, B filler Gravelly soil

Note. The thickness of the surface layer is 0.4 m on the track of the high-speed railway without ballasts and 0.7 m on the track of a high-speed railway with
ballasts.
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Ficure 18: Continued.
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FiGure 18: Comparison of model test and results: (a) Physical picture of model. (b) Schematic diagram of cross section of model test.
(c) Comparison curve of vertical stress distribution on the upper surface of bed surface.

0.327 mm, 0.0146%, and 0.0133%, respectively. At this time,
the average dynamic strain index is outside the specification
limit. Thus, adopting this scheme has certain risks. When the
thickness is increased to 1.5m and 1.8m, the dynamic
deformation and dynamic strain of the foundation bed are
improved.

5. Discussion of Results

Based on the research results of this study, the reccommended
indexes for the selection criteria of the subgrade bed
structure thickness and subgrade filler type for the MLS
maglev structure are given. The research results of this study
are compared with current high-speed railway design codes
and the application achievements of the Zhuzhou test line
and Changsha Maglev Express Line in Table 8.

This study has reasonably optimized the relevant tech-
nical indicators of the MLS maglev subgrade bed structure
and made corresponding reductions based on existing
construction experience and previously reported application
results. Therefore, the results of this study are more eco-
nomical and reasonable.

In addition, researchers from NEDL of Southwest
Jiaotong University are currently conducting research on the
MLS magnetic levitation low-mounted structure roadbed
bed in conjunction with the current status of research on the
low-middle-speed magnetic levitation low-mounted struc-
ture roadbed bed, relying on the 2018 Science and Tech-
nology Major Project (2018-A01) “Engineering Application
Research on the Complete Set of Technology of Low-Middle
Speed Magnetic Levitation Transportation System” of China
Railway Construction Co. model tests related to this study,
as shown in Figures 18(a) and 18(b).

Since the model test related to this research is still un-
derway, and the collection and analysis of related test data are
also underway, this study only focuses on the comparison and

analysis of the numerical simulation and model test on the
dynamic stress of the subgrade bed. The numerical simulation
coordinates corresponding to the surface stress of the sub-
grade bed at the position of the longitudinal center axis of the
extracted model test and the position under the loading plate
are shown in Figure 18(c). At the position of X=0m, the
numerical simulation result is 9.46kPa, and the model test
result is 8.86 kPa; at the position of X=+3 m, the numerical
simulation results are 8.99 kPa and 8.66 kPa, and the model
test results are 8.85 kPa and 8.48 kPa, which consists with the
general law, indicating that the numerical model is reliable.

6. Conclusion

In this study, the numerical model of MLS maglev structure
laid on the ground is established using ABAQUS, and the
analysis and research are carried out, taking into account the
current status of research on the roadbed of low and me-
dium-speed maglev low placement structure. The following
conclusions are obtained:

(1) By simulating the actual load, it is found that the
magnitude of stress acting on the surface of the
subgrade at different speeds has an insignificant
influence, and the difference is within 10%. There-
fore, the most unfavorable load condition (speed of
160 km/h) is used for the calculations to obtain the
dynamic stress of the subgrade surface with a value of
13.61 kPa. The maximum stress occurs at the middle
of the longitudinal rail bearing beam. The depth of
influence of dynamic load is about 1.5 m calculated
by the principle that the ratio of dynamic stress to the
self-weight stress of the roadbed is 0.2. When the
surface filler is group A filler, the influence depth of
the bottom filler is coarse-grained soil and improved
soil increases to 1.6 m and 1.7 m, respectively. When
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the surface filler is graded gravel and the bottom
layer is gravel soil, the influence depth of dynamic
load is the smallest (1.46m), and the stress attenu-
ation to the bottom of the bed is about 36.63%.

(2) The distribution of dynamic deformation on the sur-
face of the subgrade bed is uniform in the horizontal
direction within the range of the base (2m). The
maximum deformation is concentrated mainly in the
range of 0.5m on both sides of the central axis, the
maximum value of the dynamic deformation distri-
bution along the longitudinal direction occurs in the
middle of the rail beam position, and the deformation
at the internode position is reduced. The minimum
dynamic deformation is 0.322 mm for a surface filler of
graded gravel and a bottom layer of gravel soil. The
dynamic strain is analyzed by the two indexes of
maximum dynamic strain and average dynamic strain.
The maximum dynamic strain meets the limit under all
working conditions, and the average dynamic strain
meets the requirements except for the two working
conditions where the bottom layer is gravel soil.

(3) By summarizing the working conditions determined
by the above indicators, when the thickness of the base
bed is 1.5 m, the surface layer is graded crushed stone
or group A filler, and the bottom layer uses crushed
stone soil. In this case, the bed can meet the dynamic
stress, dynamic deformation, and dynamic strain
indicators. The change in the thickness of the sub-
grade has a certain influence on the dynamic response
of the subgrade. Among the relevant factors, the in-
fluence on the dynamic strain is the largest. When the
thickness of 1.5 m meets the requirements, the average
dynamic strain obtained by further reducing the
thickness of the subgrade exceeds the limit.

Through the above conclusions, it is recommended that
the thickness of the base bed is set at 1.5 m, the surface layer
of filler is graded gravel or group A filler, and the bottom
layer uses gravel soil.
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A new external reinforcement method is proposed in this research by using the prestressed angle steel plate to fully wrap a
reinforced concrete column with a rectangular cross section. To study the axial compression characteristics of the new proposed
structure, twenty pieces of the concrete columns were built using the normal reinforcement: five control columns and fifteen
reinforced concrete columns, with three groups of different prestressed angle steel plates. These columns were tested under axial
compression after the completion of the reinforcement. The experimental results showed that the ultimate load-bearing capacities
of the three groups of the reinforced concrete columns with different prestress levels were increased by 35.6%, 52.7%, and 61.7%
compared with the control columns. Both the ultimate strain and the deformation were improved significantly. The load-bearing
capacity equation of the reinforced column was deduced based on the unified strength theory, and the accuracy of the equation
was validated. Moreover, a finite element simulation was performed for the new structure, and the simulation results were in good

agreement with the test results. Simulation results are in good agreement with the experimental results.

1. Introduction

The most direct method of concrete column reinforcement is
transverse reinforcement and axial reinforcement of con-
crete column; the transverse reinforcement increases the
cross section area of concrete, and the stress lag phenom-
enon exists in the material after addition. Axial reinforce-
ment also increases the transverse dimensions of concrete
columns. The prestressed strip reinforcement method can
overcome the stress and strain lag and enhance the rein-
forcement effect; the concrete column is strengthened by
applying prestress to the transverse constraint, which makes
the concrete in the active three-way compression state, gives
full play to its bearing capacity, and then improves the
bearing capacity and deformation performance of the
concrete column; however, the poor force transmission
performance at the joint surface will lead to the poor force of
the whole specimen.

Similar to the prestressed strip method, the reinforce-
ment method of using a prestressed angle steel plate for a
concrete column with a rectangular cross section was
invented by Ren et al. [1]. They conducted a theoretical
analysis on the load-bearing capacity of a reinforced con-
crete column to obtain the calculation formula for short
columns. It is well known that a circular concrete column
covered with a steel tube has the advantages of high bearing
capacity, good seismic performance, light structural weight,
and great convenience for construction [2]. A reinforced
concrete column using a prestressed angle steel plate has all
the advantages of a concrete column covered by a steel tube.
Therefore, the research on the axial compression perfor-
mance of a steel-tube concrete column is the prerequisite for
understanding the performance of an angle steel plate’s
concrete column. Liang et al. [3] analyzed the ultimate
bearing capacity of a steel tube by using thick-wall cylinder
theory and double-shear unified strength theory, and they
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analyzed the load-bearing capacity of a concrete column by
using the Drucker-Prager yield theory with the constraint of
a steel tube. Their analysis focused on the axially loaded
condition of a short concrete column, and they considered
the contribution of the vertical stress of a steel tube in a state
of yielding to the load-bearing capacity. Their result pro-
vided a new method for calculating the ultimate bearing
capacity of circular-steel-tube short concrete columns under
axial compression. Qin et al. [4] studied the impacts of the
concrete strength grade, the steel pipe wall thickness, and the
additional amount of steel fiber on the load-carrying per-
formance of short concrete columns. Their research results
showed that as the strength grade of the concrete core in-
creased, the ductility of the column deteriorated, and the
steel tube could effectively prevent further damage to the
concrete core. Moreover, the addition of steel fibers could
significantly improve the ultimate strength and the load-
bearing capacity in the stationary stage of a steel-tube
concrete column. As the steel content in the steel tube in-
creased, the protective constraint effect for the concrete core
was enhanced.

Many scholars have investigated reinforced steel-tube
concrete columns in recent years. Han et al. [5] conducted
experimental research and a theoretical analysis on the axial
compression performance of a reinforced steel-tube concrete
column. They studied the mechanical behavior, deformation
capacity, and failure mode of a short concrete column, and
they provided the experimental results for the deformation
and ultimate load-bearing capacity, as well as a calculation
method for the axial load-bearing capacity. Lu et al. [6] and
Gao et al. [7] studied the impacts of various parameters on the
load-bearing capacity and ductility of this type of concrete
column. They found that different reinforcement methods, the
steel tube’s wall thickness, and the fly ash replacement ratio
had significant impacts on the load-bearing capacity and
ductility of the concrete column. Hu [8] carried out axial
compression and bias compression failure tests as well as finite
element analysis on the load-bearing capacity of a reinforced
steel-tube concrete column, and Hu proposed a calculation
method for the axial compression load-bearing capacity
considering the effect of the initial stress.

The reinforcement method for winding reinforced
polymer fibers [9-12] has the advantages of high efficiency,
high strength, convenient construction, strong corrosion
resistance, wide applications, and small impacts on a
structure. Ma et al. [13] carried out comparison tests with
axial compression for reinforced circular concrete columns
that were wrapped by carbon fiber-reinforced polymers
(CFRP) for concrete in a strength range of C40 to C60. They
found that the CFRP could effectively constrain the concrete
column and improve the compressive properties of the
concrete. They also proposed a calculation model for the
ultimate compressive strength of the axial compression and
the peak strain for a CFRP constrained concrete column.
Moreover, they developed a stress-strain relationship model
to analyze the improvement effect of the CFRP constraint on
the axial compression load-bearing capacity of the concrete
column. They analyzed the influences of different factors on
the energy density for the axial compression failure of the
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CFRP concrete column. However, because polymer fiber
cloth is a type of anisotropic material, its strength and elastic
modulus in the fiber direction are much greater than those in
the perpendicular direction. Therefore, this material cannot
significantly improve the ultimate load-bearing capacity of a
reinforced concrete column.

The reinforcement method of using a prestressed steel
strip [14-16] can further improve the load-bearing capacity
and deformation performance of a concrete column. Zhang
et al. [17] conducted experiments on the mechanical prop-
erties of this type of concrete column and found that the
failure mode of this type of column was basically the same as
that of an unreinforced specimen, while the load for gener-
ating the initial crack was higher for the reinforced specimen.
Additionally, the prestressed steel strip could significantly
enhance the axial stiffness of the reinforced specimen during
compression and greatly improve the deformation resistance
capability during biased compression.

The rectangular reinforced concrete column with the
prestressed angle steel plate is a new product invented by the
authors. Its cross section is shown in Figure 1. It is composed
of four pieces of angle steel plates that can essentially wrap an
entire concrete column. The four sides of each angle steel
plate are provided with flanges. The circumferential prestress
is applied to the concrete column via the axial flange bolts on
the angle steel plate to make the four steel plates and the
concrete column into a new structure similar to the steel-
tube concrete column. The circumferential constraints given
by the angle steel plates can improve the load-bearing ca-
pacity of the concrete column. This new reinforcement
method has been granted a national invention patent in
China (patent no. ZL201610919619.1). The structure is novel
in design, and there has been no published research on its
performance.

2. Materials and Methods

2.1. Materials and Specimen Design. The design strength
grade of the concrete used in the test was C30. According to
the Standard for Test Method of Mechanical Properties on
Ordinary Concrete (GB/T50081-2016) [18], the same batch
of the concrete as the rectangular column specimens was
selected to conduct the compressive property test. The av-
erage compressive strength of the concrete was 30.75 MPa.

The concrete column had a square cross section with a
side length of 220 mm and a height of 1000 mm. It was a
short column with a slenderness ratio of 4.5, as shown in
Figure 2(a). A total of twenty columns were designed for the
test, among which five control columns were denoted as CC,
and the remaining fifteen columns were divided into three
groups of concrete columns having different prestress levels,
denoted as RC0, RC2, and RC3.

As shown in Figure 2(b), the material 8®12HRBE400E
was used for longitudinal reinforcement. According to the
Test Methods of Steel for Reinforcement of Concrete (GB/
T28900-2012), the yield strength of the longitudinal rein-
forcement was 380 MPa. The material ®6HPB300 was used
for the stirrup with spacing s = 65 mm. The yield strength of
the stirrup was 275 MPa.
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FIGURE 2: Details of specimens. (a) Concrete. (b) Steel bar. (c) Angle steel plate.

As shown in Figure 2(c), the steel type of the angle steel
plate was Q235, the length was 980 mm, and the steel plate
thickness was 5 mm. Each single column was strengthened by
four pieces of angle steel plates. The four sides of each angle
steel plate had flanges and bolt holes. The bolts used in the
connections were 8.8 Grade M12 with a diameter of 12 mm.
Nine bolts were arranged longitudinally at the joint of the
angle steel plate’s flange, and a total of 36 bolts were required
for each concrete column. To ensure that the circumferential
prestress was exerted by the angle steel plates to the concrete

column, the four plates did not form a complete square cross
section after being closed, and a 6 mm gap was reserved
between two adjacent plates, as shown in Figure 2.

Four groups of axial compression tests for the short
columns reinforced with the prestressed steel plates were
carried out, including the following:

(1) Control column tests without reinforcement

(2) Prestressed column tests including the three fol-
lowing schemes



Scheme 1. The steel plate was fastened on the column
without the prestress. The bolts were gently tightened with
an ordinary wrench to make the steel plate barely stick to the
concrete column. This scheme essentially reflected a rein-
forced concrete column covered by a steel sleeve.

Scheme 2. The confining pressure of the steel plate on the
concrete column was the same as that of the stirrup inside
the column on the concrete core, as shown in Figure 3; that
is, 0,; = 0,, (0, and ¢,, are shown in Figures 3(b) and 3(f),
where 0, is the confining pressure of the steel plate on the
concrete column). The wall thickness of the steel plate was
much less than the side length of the concrete column. The
steel plate thickness was = 5 mm. The cross-sectional area of
the steel plate wall was Ay =4400 mm”. The column side
length was b0 =220 mm. The concrete column’s protective
layer thickness was 25 mm. The side length of the concrete
core (i.e., the spacing within the stirrup) was 158 mm. The
concrete core area was A, =24964 mm?®. The cross-sec-
tional area of the concrete column was A = 48400 mm?®. The
converted area of the stirrup was Ago=274.77 mm?.
Therefore, the constraint stress ¢,, of the stirrup acting on
the concrete core of the column was calculated with [19]

Sy Aso 270 x274.77 N

=149 —,
24, 2 x 24964 mm

0,y = (1)
where f,, is the design value of the stirrup’s tensile strength:
f,w=270MPa. When the confining pressure given by the
steel plate to the column was equal to the confining pressure
given by the stirrup to the concrete core, there was the
following relationship:

0r1 = Opp- (2)

The circumferential tensile stress in the steel plate could
be calculated as follows:

8400 N
Ay 4400 " mm

0g =20,

> (3)

Scheme 3. : The prestress was designed to be the same as the
design value of the tensile strength of the fastening bolt. The
tensile force sustained by the steel plate was greater than that
in Scheme 2. It was assumed that the design value of the axial
tensile bearing capacity of a single bolt was NY. Then

NP = A f? = 84.3 x 400 = 33270N, (4)

where A.g is the cross-sectional area under the stress of a
single bolt: A= 84.3 mm”. The parameter f? is the designed
tensile strength of the bolt: f° =400 MPa. The number of
bolts in each row on the steel plate was nine. Therefore,

NPx9 33270x9 N
oy = = =61.11—, (5)
t-l 5% 980 mm

where ¢ is the steel plate thickness: t=5mm; [ is the steel
plate height: I =980 mm. The grouping of the test specimens
and their prestress values are listed in Table 1.
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2.2. Specimen Preparation. The specimen procurement is
shown in Figure 4. The steel bars were cut, welded, and bent
according to the specification requirements. The processed
steel bars were welded and bundled with wires. The leveling
steel pad was welded. The steel bars were ground. The strain
gauges were pasted on the steel bars and numbered. The
concrete was stirred and prepared according to the re-
quirement of the mixture ratio. The concrete prototype was
fully vibrated and compacted after pouring and underwent
standard concrete curing of 28 days. Water was sprayed on
the concrete once every hour in the early stage, once every
three hours in the middle stage, and once every five hours in
the late stage. After the concrete specimens reached the
standard curing period, they were treated with experimental
preprocessing procedures such as top leveling and attaching
concrete strain gauges and then used in the experiment.

2.3. Loading Program. The YAJ-10000 computer-controlled
large electrohydraulic servo compression and shear test
machine in the Structure Laboratory of the Construction
Engineering Test Center at Zhongnan Forestry University
was used in the experiment. It was used to carry out the axial
compression test for the short rectangular concrete columns
reinforced with prestressed steel plates. The strain gauge
measurement locations were on the upper, middle, and
lower parts of the concrete columns, as well as on the
longitudinal steel bars, the stirrups, the concrete surface, and
the outer surfaces of the steel plates. On each concrete
column, there were two strain gauge measurement locations
on each longitudinal steel bar, six locations on the stirrup,
and either four locations on the concrete surface of the
control column or four locations on the outer surfaces of the
steel plates of the reinforced column. There were twelve
strain gauge measurement locations in total. The load was
applied in the test according to the Standard for Test Method
of Concrete Structures (GB/T50152-2012). There were three
stages in the test:

(i) Preloading stage: The specimen was first placed in
the center of the test device to avoid eccentric
compression. The preload was set at 10% of the
estimated ultimate load level. The purpose of this
stage was to check the safety and reliability of the
loading device, check for any abnormal functions of
the instrument, and adjust the specimen for me-
chanical alignment and automatic leveling.

(ii) Standard loading stage: The load was applied with a
loading rate of 2kN/s at the seven following steps:
20%, 40%, 60%, 70%, 80%, 90%, and 95% of the
predicted ultimate load level. Each step was held for
five minutes.

(iii) Destruction stage: After the load reached 95% of the
ultimate load level, the load was not added in steps.
Instead, the load was added by displacement control
with continuous data acquisition. The load was
further increased at a rate of 1kN/s until the
specimen was destroyed. When the load reading on
the dial of the test machine decreased sharply, the
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FIGURE 3: Stress diagram after reinforcement. (a) Column section. (b) Angle plate plane stress. (c) Stereoscopic loading of angle plates.
(d) Section overall stress. (e) Protective layer stress. (f) Force of stirrup.

TaBLE 1: Details of specimens.

Methods Number Scheme 0 (MPa) Quantity (pillar)

No reinforcement RC-1 No angle steel plate 0 5
RC-2-1 Scheme 1 0 5

Reinforcement RC-2-2 Scheme 2 32.78 5
RC-2-3 Scheme 3 61.11 5

Total 20

specimen was close to its ultimate load state and the
test was ended. The test loading device is shown in
Figure 5.

3. Experimental Results and Phenomena

3.1. Experimental Results. The main test results of the
reinforced concrete columns are shown in Table 2. The
ultimate load of group RCO increased by 35.6% on average,
and the ultimate load-bearing capacity increased by 43.2% at
most. The ultimate load of group RC2 increased by 52.7% on
average, and the ultimate load-bearing capacity increased by
56.5% at most. The ultimate load of group RC3 increased by
61.7% on average, and the ultimate load-bearing capacity
increased by 73.4% at most. As the prestress increased
continuously, the ultimate load-bearing capacity increased
significantly. The failure location in the concrete column was
mainly concentrated in the middle and lower parts of the
column. The steel plates and flanges of groups RC2 and RC3
were deformed and bent, and their bolts began to yield.
Because there was a gap between the flanges, the concrete
and the steel plate squeezed each other during the axial

compression process, resulting in the most serious broken
event for the concrete in the gap. Therefore, the concrete in
the flange gap was the weak link for compression damage.

3.2. Experimental Phenomena. The concrete column’s fail-
ure stages in the test included the following: (1) The rein-
forcement steel bars had vyield failures, resulting in a
stripping phenomenon between the concrete and the steel
bars. (2) The concrete was crushed in a large area, resulting
in the bending of the steel plate with the extrusion of the
concrete. (3) The concrete completely lost its load-bearing
capacity, resulting in deformations in the steel plate’s belly
and the flange as well as yielding of some bolts.

The control columns were the specimens without re-
inforcement. In their initial loading stage, the reinforcement
steel bars and the concrete were both in the elastic range, and
the compressive strain increased uniformly. When the load
was increased to approximately 30% of the ultimate load
level, subtle longitudinal cracks began to appear at both ends
of the column around the corners. When the load was in-
creased to approximately 85% of the ultimate load level,
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FIGURE 4: Process of specimen fabrication. (a) Bonding strain gauges. (b) Reinforcement cage processing. (c) Room temperature

maintenance of concrete.

there was an obvious cracking sound and the cracks grad-
ually became wide and extended continuously to the middle.
When the load was close to the failure load level, the surface
layer of the concrete began to peel off slowly along the
cracks, and most of the concrete at the column’s corners was
crushed. Additionally, the load reading in the dial of the test
machine decreased sharply and the specimen was destroyed.
These processes are shown in Figure 6(a).

The RCO column specimens were strengthened by the
zero prestress in the steel plates. In the initial loading stage,
the concrete column was in the elastic range, and the
compressive strain increased uniformly. The load-dis-
placement curve was linear and ascending. The specimen did
not have obvious changes in appearance. When the load
increased, the concrete column began to have a subtle
cracking sound. When the load was increased to approxi-
mately 30% of the ultimate load level, the cracking sound
was heard everywhere, but the steel plate on the outer surface
had no obvious changes.

When the load was increased to approximately 80%, the
cracking sound of the concrete core was heard, along with
the shooting sound of the cracks when they hit the steel
plates. Until the specimen was destroyed, the steel plates did
not change significantly, and the upper and lower ends of the
reserved compression height of 10 mm were completely
pressed. The steel plates were taken off after the load was
removed. Obvious cracks were noticed on both sides of the
concrete column. When the concrete was struck with a
hammer, the concrete in the crushed area immediately
peeled off. These processes are shown in Figure 6(b).

The RC2 column specimens were equivalent to the
stirrup-reinforced concrete column. In their initial loading
stage, the performance of the specimens was similar to that
of RCO. When the load was increased to 90%, there were no
obvious changes in the steel plates, but the flanges began to
be partially stretched and bent. After the load was removed
and the steel plates were taken off, it was found that the

concrete in the flange gap was seriously damaged. There
were obvious and widespread cracks on both sides of the
concrete. When the concrete was struck by a rubber ham-
mer, the concrete in the crushed area immediately peeled off.
These processes are shown in Figures 6(c) and 6(e).

The RC3 column specimens were designed to have the
prestress equal to the design value of the tensile strength of
the fastening bolt. In their initial loading stage, the per-
formance of the specimens was similar to that of RC2. When
the load was increased to 90%, the steel plate started to have
slight bending, and the flanges of the steel plates were se-
riously strained and bent. Moreover, some bolts reached
their yield strength and the damaged bolts jumped out of the
screw holes due to the yield fracture. After the load was
removed and the steel plates were disassembled, it was found
that the concrete in the flange gap was seriously damaged in
a powder form. There were obvious and widespread cracks
on both sides of the concrete. When the concrete was struck
with a hammer, the concrete in the crushed area immedi-
ately peeled off. These processes are shown in Figures 6(d)
and 6(f).

4. Bearing Capacity Analysis of the
New Structure

One control group and three test groups were arranged in
the experiment, namely, CC, RC0O, RC2, and RC3. The
impacts of the prestressed steel plates on the compressive
properties of the reinforced concrete columns were studied.
According to Table 2, the average test value of each group of
specimens was taken. Compared with groups CC, RCO0, and
RC2, group RC3 increased the load-bearing capacities by
61.7%, 19.2%, and 5.9%, respectively, demonstrating the
most significant reinforcement effect. Compared with
groups CC and RCO, group RC2 increased the load-bearing
capacities by 52.7% and 12.6%, respectively. Compared with
group CC, group RCO increased the load-bearing capacity by
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FIGURE 5: Testing machine.

TABLE 2: Main results of the test.

Number N, (kN) Increase rate (%) Failure mode

CC-1 1534 —

CC-2 1270 —

CC-3 1402 — Cover concrete spalling, concrete crushing
CC-4 1445 —

CC-5 1398 —

RCO-1 1814 28.7

RCO0-2 1853 31.4

RCO0-3 1941 37.7 Steel bar bending, concrete crushing
RCO0-4 1934 37.2

RCO0-5 2019 43.2

RC2-1 2152 52.6

RC2-2 2026 43.7

RC2-3 2181 54.7 Axial compression failure of column and deformation of angle plate
RC2-4 2196 55.8

RC2-5 2206 56.5

RC3-1 2444 73.4

RC3-2 2443 733

RC3-3 2172 54.1 Axial compression failure of column, deformation of angle plate and yield of bolt
RC3-4 2106 49.4

RC3-5 2233 58.4

35.6%. The compressive load-bearing capacity of reinforced
concrete columns with prestressed steel plates has not been
investigated by previous researchers. The authors analyzed
the axial compression mechanisms based on their invention
patent and the unified strength theory for short column with
the longitudinal reinforcement, stirrup, and steel plates. The
roles of the steel plate and stirrup in constraining the
concrete were studied. A calculation formula for the axial

bearing capacity was derived. The calculation results were
compared with the test results to validate the formula.

In 1991, Yu established a unified strength theory ap-
plicable to different materials based on the double-shear
strength theory, using a double-shear element as the me-
chanics model and considering the influence of the inter-
mediate principal stress. Its mathematical expression is as
follows [20]:
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FIGURE 6: Failure modes of typical specimens. (a) CC-2. (b) RCO-1. (c) RC2-2. (d) RC3-1. (e) RC2-2. (f) RC3-1.
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where F, F' is the theoretical function of principal
stress intensity. o,, 0,, and g5 are the first, second, and
third principal stresses, taking tensile stress as positive
and compressive stress as negative. o, 0., and 7, are
tensile yield strength, compressive yield strength, and
shear yield strength of materials, respectively. 8 is the
weighted parameter reflecting the influence of the in-
termediate shear stress and the corresponding normal
stress on the material yield or failure, 0<f<1. B is the
shear stress coeflicient.

4.1. Stress Mechanisms. When the concrete column was
reinforced by the angle steel plate or the prestressed angle steel
plate, the column was similar to the reinforced concrete col-
umn with the square steel tube. Its structural process and cross
section are shown in Figure 3. It was a column with prestressed
confining pressure. The differences between this column and
the square-steel-tube concrete column included the following:
(1) The four steel plates were prestressed, and the prestress
could be adjusted according to the need. (2) The square steel
sleeve formed by the four steel plates had no forces in the axial
direction of the column. (3) There were gaps in the flange
connections of the four steel plates. (4) The concrete column
was reinforced by steel bars, and the addition of the four steel
plates formed a steel sleeve around the concrete column.
The stress mechanisms of the short concrete column
with the steel plates under axial compression were as follows.
The concrete core was in a triaxial stress state subject to the
constraints of the steel plates and the stirrup. The outer layer
of the concrete between the steel plate and the stirrup was
constrained by the steel plate and in a triaxial state. The
prestressed steel plates were added to the reinforced concrete
column. The axial pressure was almost zero. There was
tensile stress in the circumferential direction. There was
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compression stress (prestress) in the radial direction. The
longitudinal steel bars were subject to axial compression.

4.2. Stress in the Angle Steel Plate. As shown in Figure 3, the
thickness of the steel plate was ¢, and the confining pressure of
the steel plate on the concrete column was o,,. The loading
condition of the steel plate is shown in Figures 3(b) and 3(c).
Because the steel plate could not be pushed too tightly at both
ends of the concrete column, the axial compressive stress of the
steel plate could be assumed to be. The radial compressive stress
was ¢,;, and the tensile stress was 0. Then

Nl
= —— = 0)
Asl
0, =0, (7)
o.b
0y = 12
Y

where N is the axial pressure sustained by the steel plate,
which could be approximately zero. As is the cross-sectional
area of the steel plate, which was approximately equal to. The
parameter is the lateral constraint stress produced by the
steel plate on the concrete. The parameter b is twice the
width of the steel plate. The parameter ¢ is the wall thickness
of the steel plate. The steel plate used for concrete columns is
generally very thin, satisfying b/t>20, and hence can be
regarded as a thin-walled steel pipe, and |0, |/0g = (2t/b) < 1,
lo,| < 0y. According to the operating principle of the steel
plate, as the concrete strain continuously developed, the
circumferential tensile stress g, of the steel plate increased,
and the axial compressive stress o, gradually decreased. The
loading condition of the steel plate changed from mainly
sustaining the axial compressive stress to mainly bearing the
circumferential tensile stress, and oy > 0,. Therefore, the
principal stress of the thin-walled steel pipe was

0,=0g 0,=0,0;=0,. (8)

Substituting the above equation into the discriminant
formula of the unified strength theory produced

0y + a0y _0g+ a0,

>0>0, =0,. 9)

l+a l+a

Equation (1) of the unified strength theory was used in
combination with Equation (2) and the three principal
stresses. The following simplified formula was obtained:

1 b
o, = 1+p [Uts_(ﬂ"'a—ﬁ)grl]‘ (10)

o 1+p

N, =0,A. (11)

Normally, g, is 0, so Nj is 0.

4.3. Stirrup Stress. The stress conditions of the stirrup and
the concrete core in the column are shown in Figure 3(f).
When the axial distance between the continuous spiral
stirrups or the octagonal stirrups in the compressed column

was small, the concrete core could be effectively constrained,
and the constrained stress was [21]
Zf yt* Asz

_In e 12
" S bcor ( )

where 0,, is the constraint stress generated by the stirrup
acting on the concrete core, and f,, and A, are the yield
strength and the cross-sectional area of the stirrup, re-
spectively. The parameters s and b, are the longitudinal
spacing and the inner diameter of the stirrup, respectively.
Because the force exerted by the steel plate on the stirrup
through the protective layer of the concrete was o,,, the
following relationship was obtained from the force balance
shown in Figure 3(f):

2 -A
(GrZ - Orl) = {J‘/[Tmsz’
(13)
O = zfytASZ +
r2 s b rl:

cor

4.4. Concrete Load-Bearing Capacity

4.4.1. Before Reinforcement of the Concrete Column. The
protective layer of the concrete outside the stirrup was free
and only acted as a protective layer. The concrete core in the
stirrup was in a triaxial state of stress. The compressive
strength of the concrete core could be considered according to
the strength of the triaxial compression. Therefore,
fl= f,+40,,, where 0,, is the passive lateral compressive
stress (i.e., radial compressive stress) generated by the stirrup
on the concrete core. When the stirrup’s strain reached the
tensile yield strength, the following could be derived:

f yt " AssO

, (14)
2ACOI‘

Oy =

where A, is the area of the concrete core counted from the
stirrup’s inner edge and A, is the converted area of the
stirrup:

_4-b

sso

Asz

cor

N

A (15)

4.4.2. After the Concrete Column Reinforced by the Pre-
stressed Steel Plate. The protective layer of the concrete
between the steel plate and the stirrup was subjected to the
inward force o,; restrained by the steel plate and to the
expansion force (with the same magnitude as o,,) exerted by
the stirrup, as shown in Figure 3(e). The concrete protective
layer was equivalent to a stressed cylinder with an inner radius
of b..,/2 and an outer radius of b/2, subject to an inward stress
0,, and an outward stress ¢,,. The stress distribution had to be
axisymmetric, and its expression was [22]

0, =0g=0,. (16)

The compressive strength of the outer concrete layer
with the triaxial stress, f,{, was
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fcll :fcy+k0r1' (17)
Then the axial load-bearing capacity of the outer con-
crete layer, N,, was

NZ = (fcy + karl)Acl = (fcy + karl) [ (b)2 - (bcor)z]’ (18)

where A, is the cross-sectional area of the outer concrete
layer and A, = [(b)® - (b,,)*]. The concrete core was
subjected to the dual constraints of the steel plate and the
stirrup [23-25] and was in the triaxial stress state. The
calculation formula of the axial compressive strength of the
concrete for the triaxial stress state was deduced from the
unified strength theory in the literature [26] as follows:

fc’:fcy+k0-r2' (19)

Here, f/ is the compressive strength of the concrete in the
triaxial stress state; k = (1 +sin(¢)) (1 —sin(¢)). The pa-
rameter ¢ is the internal friction angle of the concrete. k was
between 1.0 and 7.0, as determined by testing. When k =4.0,
¢ = 36.87. The parameter o0,, is the lateral constraint stress of
the concrete core, and f, is the uniaxial compressive
strength of the concrete. For the columns with a square cross
section, f, is the uniaxial compressive strength of the
prismatic body.
The load-bearing capacity of the concrete core was

Advances in Civil Engineering

where s is the stirrup spacing and A, is the cross-sectional
area of the concrete core: A, = (b,)".

4.5. Load-Bearing Capacity of the Longitudinal Reinforcement
Steel Bars. When the short reinforced concrete circular
column with a steel tube reached the ultimate axial com-
pression bearing capacity, the longitudinal reinforcement
steel bars yielded. Therefore, their axial compression bearing
capacity N was given by

N4 = fysAs3’

where f. is the yield strength of the longitudinal rein-
forcement steel bar and Ag; is the cross-sectional area of the
reinforcement steel bar.

(1)

4.6. Unified Solution of Axial Compression Bearing Capacity.
The axial compression bearing capacity N of the short
reinforced concrete column with a steel tube was composed
of the bearing capacities provided by the steel tube, the outer
layer of the concrete, the concrete core, and the longitudinal

reinforcement steel bars; that is,
N=N;+N,+N;+N,. (22)

After substituting equations (11), (18), (20), and (21) into

2f A
N, = < fop+k fyha + ko, > A, (22), the unified solution of the axial compression bearing
S beor capacity of the short reinforced concrete column with a steel
2f A (200 tube was
4152 2
:<fCJ’+k ,y : +karl)(bcor) ’
cor
2f A
N = _¥ UtsAsl + fcy (Acl + Acor) + k%Acor
(23)
1+(b «
+fySAs3+[k(Acl +Ac0r)+ aﬂ<ﬂ+ 1 fﬁ)Asl}arl'

When N =0, the equation became
zfytASZ

cor

)+k A

cor cor

N:fcy(Acl+A
(24)

+ fysASS +k (Acl + Acor)arl'
The load-bearing capacity was a function of the lateral

constraint stress ¢,;, because when the circumferential
tensile stress of the thin steel plate reached the extreme value

1+p

N, =—ZF
[0

u

+ k(Acl + Acor) +

1+p
04

fyAsl + fcy (Acl + Acor) +k

0y = f > its lateral constraint force also reached the extreme
Valug, and, from oy = (0,,b/2t) <0, = f, the following was
obtained:

2tf,
b b
where f, is the yield strength of the steel plate. Substituting

(19) into (18), the maximum axial load-bearing capacity N,
was obtained:

< (25)

0, <

zfytASZ
S -

Acor + f ysASS

cor

b

(26)
af

2tf,
1+ b

b

( b
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When As,=0 and As;=0, (26) was simplified to the
calculation formula of the axial compression bearing

1+
Nu = _TfyAsl + fcy (Acl + Acor)

11

capacity of the ordinary short concrete column with a square
steel sleeve, given by

+ k(Ad+Acor)+1+/3<E+ op
a \2t 1+f

The calculation results obtained using (27) are shown in
Table 3.

The load-bearing capacity test results showed that as the
prestressed steel plate increased, the load-bearing capacity of
the short reinforced concrete column increased significantly.
The experimental result was compared with the calculated
result given by (27), and the results matched very closely,
indicating that the formula could provide guidance for the
bearing capacity calculation.

5. Finite Element Analysis of the New Structures
5.1. Finite Element Model Setup

5.1.1. Constitutive Model of the Concrete. 'The short concrete
column reinforced with the steel plate was similar to the
steel-tube concrete column in the constitutive model.
When the prestress was zero, the columns were equivalent,
and the axial compression force of the internal concrete
core was a type of passive force that increased with the
increase of the vertical axial compression. When the axial
compression was small, the concrete column was ap-
proximately subject to a unidirectional force. The concrete
core did not expand, and the transverse strain was small,
with negligible circumferential pressure. When the axial
pressure acting on the internal concrete increased, the
transverse strain increased and the concrete continued to
expand to squeeze the steel plate, producing transverse
deformation of the steel plate. The internal concrete was
compressed from three directions due to the axial force and
the circumferential constraint force.

When the prestress was applied, the steel plate pro-
vided an active confining pressure to the concrete core,
forming a two-way forcing condition. After the concrete
core began to bear the axial pressure, the steel plate
produced a lateral constraint effect on the internal con-
crete column. With the axial pressure exerted by the end of
the column, the concrete column was subject to a triaxial
state of stress.

Therefore, according to the stress characteristics of the
short concrete column, the plastic damage constitutive
model suitable for a steel-tube concrete column [27] was
used for the new structure in this research. The model was
modified based on the unified calculation formula of the
stress-strain relationship curve of the axially symmetric
triaxial compression of the concrete with different strength
grades as follows:

2f 2f (27)
t t
)Asl] ; Y =obnt’f, +<fcy +kTy)AC.
A B, —1)x*
3%+ (B - 1)x S x<l,
1+ (A; —2)x+Bsx
y= (28)
X
x>1,

as (x — 1)2+x,

where y =0, /f%, x = ¢ Jefo;, is the axial stress of the
concrete, ¢, is the axial strain of the concrete, f7 is the axial
ultimate strength of the concrete during the triaxial com-
pression, and ¢, is the axis peak strain of concrete.
filfe=1+340,/f e =€(1+340; /f)[1+4.8(4A, -
1) (0 /f)"], Ay =A[1+48(A, —1)(0,/f.)"], and
A, =9.1f. B, is a physical quantity controlling the at-
tenuation of the elastic modulus of the curve in the rising
section. According to the definition of the elastic modulus of
the concrete, the rising section was basically a straight line

before o, = 0.4f; that is, when x = 0.4f/A;, y=04f.
/f%, Bs could be obtained as follows:
Ay -2 - (A5 -

(1 —y)x2

where a5 is the parameter of the descending section of the
curve: a; = «; = 0.15. The secant expression of Poisson’s
ratio of the concrete is expressed as

[ Vo> x<l,y<y,,

o

2
—) , x<lLy,<y<l],

[ vy x=21,y<1,
(30)

where v, = 0.2,v,, v, are the initial Poisson’s ratio of the
concrete and the secant value of Poisson’s ratio at failure.
According to the analysis of the short concrete columns,
vp=1-0.0025(fy ~20), y, = 0.3+0.002(f,, - 20) was
satisfactory for accurate simulations.

5.1.2. Constitutive Model of Steel. The ideal steel elastic-
plastic model was used to model the constitutive relationship
of steel. The steel materials in the test included the longi-
tudinal reinforcement steel bar, the stirrup, and the angle
steel plate. Due to their similar properties, the constitutive
relationship curves of these steel materials were the same.
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TaBLE 3: Bearing capacity test results of each group.

Number N, (kN) N, (kN) Error (%)

CC 1461.38 1409.80 --

RCO 1930.98 1912.04 0.98

RC2 2219.44 2152.22 3.03

RC3 2469.19 2279.91 7.67

Note: N, and Ny, respectively, are the calculated value and average test value of specimen bearing capacity.

The relationship was an ideal elastic stage before the steel
material reached the yield strength, and the relationship
entered the plastic stage after the material reached the yield
strength. Its expression is shown as follows:

o, = E,, (ss Ssy),
(e,>¢,).

The following assumptions were adopted in the finite
element simulation:

(31)
05 = fy’

(1) There was limited slip between the angle steel plate
and the concrete.

(2) The stress-strain relationships of steel and concrete
were determined according to equation (31).

(3) Only the longitudinal equilibrium and the defor-
mation coordination were considered

5.2. Finite Element Calculation Model

5.2.1. Element Type Selection. *'The research object was the
internal concrete core. Therefore, the angle steel plate was
simplified to an equivalent steel sleeve, and the influence
of the high-strength bolt connection was ignored. The
shell element (S4) of the fully integrated form of the four
nodes was used for the angle steel plate. The three-di-
mensional solid element (C3D8R) with the reduced in-
tegral form of the eight nodes was used for the concrete
core. The truss element of T3D2 was used for the rein-
forcement steel bars.

5.2.2. Model Setup and Mesh Division. Different parts in the
finite element model were defined with the constitutive
models and the section characteristics according to dif-
ferent material types, including the concrete, the rein-
forcement steel bar, the angle steel plate, and the upper
and lower cushion blocks. The simulation parameters of
the concrete column were the same as the parameters used
in the test, that is, a rectangular section of 220 mm
x 220 mm, a column height of 1000 mm, a longitudinal
length of the reinforcement steel bar of 980 mm, a steel
sleeve (equivalent angle steel plate) length of 980 mm, and
a stirrup side length of 170 mm. An entity is the mapping
object of the component in an assembly. An entity can be
independent or dependent. The components were defined
as dependent entities, and grid division in the assembly
was not possible for the components. Therefore, grid di-
vision was conducted for each component separately in
this research. According to the finite element

computational time, an appropriate mesh density was
selected in mesh division. The meshing result is shown in
Figure 7.

5.2.3. Section Contact Definition. When the contact surface
was defined in the finite element model, the embedded
contact between the reinforced skeleton and the concrete
was selected without considering the influence of the bond-
slip. The interface model between the angle steel plate and
the concrete was composed of the normal and tangential
bond-slips. The “hard” contact was selected to model the
normal contact between the angle steel plate and the con-
crete core. The coulomb friction model was used to simulate
the tangential force transfer. The nested model was used to
simulate the interface between the reinforcement steel bar
and the concrete, and the steel bar was assumed to be nested
into the concrete as a whole. The Tie binding model was
selected to simulate the contact surface between the upper or
lower pad block and the concrete.

5.2.4. Boundary Condition Definition and Loading
Simulation. In the boundary condition definition of the
finite element model, it was necessary to define the boundary
conditions of the two cushion blocks. A fixed constraint
boundary condition was added to the bottom pad of the
column. The constraint condition for the upper pad was set
to move only along the z-axis.

The experimental test required prestress during the
loading process. Therefore, three analysis steps were
simulated in the model: Initially we have Step 1 and Step 2.
In the initial stage, the constraints were set up on various
contact surfaces. The prestress exerted by the high-
strength bolts in the test was simplified in the simulation
into the circumferential confining pressure exerted on the
steel sleeve. Therefore, the circumferential pressure was
exerted on the short column in Step 1. The pressure was
produced with direct uniform distribution. The axial
loading process was simulated in Step 2. The loading
method was displacement loading, which was achieved by
applying a surface load on the upper pad of the concrete
column.

During the loading process in the test, the prestresses
were the pretightening forces exerted by the high-strength
bolts, which were 0MPa, 179.5MPa, and 340 MPa.
According to (1) and (5) for the confining pressure of the
angle steel plate, the uniform distributed loads exerted on
the equivalent side steel sleeve were 0 N/mm?, 1.49 N/mm?,
and 2.78 N/mm”.
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FIGURE 7: Model mesh subdivision. (a) Concrete. (b) Angle steel plate. (c) Cushion block. (d) Whole model.

5.2.5. Finite Element Solution. After the above operations
were completed, the finite element calculation was started.
During the simulation, the computational process was
monitored by using related functions in ABAQUS. When
the software reported an error, the problem was diagnosed
according to the system prompt and the model was modified
to fix the problem.

5.3. Analysis of Finite Element Simulation Results

5.3.1. Validation of Finite Element Simulation. Table 4
shows that the ultimate bearing capacity of each specimen
was obtained through finite element simulation. The sim-
ulation data and the test data were very close when com-
pared, with an error within 5%, meeting engineering
calculation requirements. N, in Table 4 is the simulated
ultimate load and N, is the tested ultimate load.

Figure 8 shows the curves of the load versus vertical
displacement of the four groups of specimens. With the
reinforcement effect of the confining pressure given by the
steel plates, when the specimen reached the maximum
bearing capacity, the curve retained a slow decline and
tended to level off. When the simulation result of this type of
curve was compared with the test results for all the groups of
specimens, there was a small difference.

5.3.2. Finite Element Analysis Results. In order to further
study the stress characteristics of the short concrete column
reinforced with the steel plate under axial compression,
ABAQUS was used to perform finite element analysis to
obtain the stress variations of the steel plate and the stress
distribution chart with the ultimate load, as shown in
Figure 9.

The stress distribution maps of RC1, RC2, and RC3 were
analyzed. The maximum stress was concentrated in the
corner of the rectangular angle steel plate. The first location
of the buckling deformation was concentrated in the middle
and upper regions of the steel plate. Compared with RC2, as
the RC3 prestress increased, the coverage range of the
maximum stress on the RC3 steel plate increased and was
distributed in the middle area of the component.

Figures 10-13 show the plastic PEMAG charts of the CC,
RCI, RC2, and RC3 specimens, which recorded the plastic
strains of the concrete columns when the bearing capacities
reached the failure loads in the deformation process. By
comparing the CC columns with reinforced columns, it was
found that the plastic strain in the red area of the CC
columns in the control group was small, while the plastic
strains of the RC1-RC3 columns were increased 1-2-fold,
indicating that the proposed reinforcement method could
improve the ductility of the concrete columns.
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TABLE 4: Comparison of experimental and calculated values.

Number f. (MPa) Prestress (MPa) N/kN N/kN N,./N;
CC 30.1 — 1413.56 1409.80 1.02
RC1 30.1 0 1955.22 1912.04 1.02
RC2 30.1 179.5 2171.83 2152.22 1.01
RC3 30.1 340 2271,39 2279.91 1.00
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Ficure 8: Comparison of load-displacement curves between test and simulation. (a) RC1, (b) RC2, (c) RC3, (d) RC4.



Advances in Civil Engineering

S, Mises
S NEG (fraction= ~1.0)
(average: 75%)

+1.020e+02
+9.504e+01
+8.813e+01
+8.122e+01

+7.431e+01

+6.740e+01
+6.049e+01
+5.358e+01
+4.667e+01

+3.977e+01

+3.286e+01

+2.595e+01
+1.904e+01

S, Mises
S NEG (fraction= ~1.0)
(average:75%)

+2.263e+02

"
L]
n

B
)
i
[
[
3
]
1
!
bl

+2.088e+02
+1.914e+02

+1.739e+02

i
1
|
i
]
]
#
o
o
!

+1.565e+02
+1.390e+02
+1.216e+02

+1.041e+02

+8.668e+01

+6.922e+01

+5.177e+01

+3.432e+01
+1.687e+01

p———

P I
L

Rl LT P

()

S, Mises
SNEG (fraction= ~1.0)
(average:75%)

+2.350e+02
+2.170e+02
+1.991e+02
+1.811e+02
+1.631e+02
+1.452e+02
+1.272e+02
+1.092e+02
+9.128e+01

+7.332e+01

+5.535e+01

+3.739e+01
+1.942e+01

FIGURE 9: Stress nephogram of angle plate.

PEMAG

(Avg: 75%)
+1.354e-02
+1.241e-02
+1.129e-02
+1.016e-02
+9.029¢-03
+7.900e-03
+6.771e-03
+5.643e-03
+4.514e-03
+3.386e-03
+2.257e-03
+1.129¢-03
+0.000e+00

PC

FIGURE 10: Strain cloud picture of CC (MPa).

(c)

15



16

PEMAG

(Avg: 75%)
+2.737e-02
+2.509e-02
+2.281e-02
+2.053e-02
+1.825-02
+1.597e-02
+1.368e-02
+1.140e-02
+9.123e-03
+6.842e-03
+4.562e-03
+2.281e-03
+0.000e+00

I

RCI

FiGgure 11: Strain cloud picture of RC1 (MPa).

PEMAG
(Avg: 75%)

+3.414e-02
+3.130e-02

+2.845e-02

+2.561e-02

+2.276e-02

+1.992e-02

+1.707e-02

Jr2 11
1
v
1}
 }

+1.423e-02

+1.138e-02

+8.535e-03

+5.690e-03

+2.845e-03

+0.000e+00

RC2
FIGURE 12: Strain cloud picture of RC2 (MPa).

Advances in Civil Engineering



Advances in Civil Engineering

PEMAG
(Avg: 75%)

+3.185e-02

+2.920e-02

I

+2.655e-02

+2.389e-02

+2.124-02

+1.858e-02

+1.593e-02

i

+1.327e-02

+1.062e-02

+7.964e-03

+5.309¢-03

+2.655e-03

i

+0.000e+00

-
L]
-
-
1
]
]
L ]
.

17

aEFEFE N

T

RC3

FIGURE 13: Strain cloud picture of RC3 (MPa).

6. Conclusions

The axial compression load-bearing capacity and mechanical
properties of short concrete columns reinforced with pre-
stressed angle steel plates were studied with the axial
compression test of 20 specimen columns. Conclusions were
drawn as follows:

(1) Compared with the control columns, the ultimate
load-bearing capacity of each group of the reinforced
columns was significantly increased
(RC3>RC2>RC0>CC). With the unidirectional
compression, as the steel plate’s prestress increased,
the duration of the elastic stage was increased, in-
dicating an increase in the stiffness. When the ul-
timate load was reached, the curve of load versus
displacement declined more gently for the specimen
with a greater prestress, showing increased ductility
with an increase in the prestress.

(2) The curve of load versus strain of the reinforcement
steel bar showed that a greater prestress resulted in
an increase in the peak strain of the concrete in the
elastic stage, that is, the strain corresponding to the
ultimate load. However, a greater prestress also led to
a greater deformation of the concrete, indicating that
the prestressed angle steel plate could not effectively
constrain the deformation of the concrete column.

(3) The test results were compared with the calculation
results given by Equation (25). The comparison
validated the good accuracy of the formula for the
proposed new structure. The formula could provide
design guidance for the calculation of the load-
bearing capacity of the reinforced concrete columns.

(4) The finite element simulation accurately reflected the
stress conditions of the concrete columns. The failure
characteristics of the concrete columns simulated by
the finite element model were in good agreement
with the test results.
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This paper discusses the permeation characteristics of concrete made by increasing the fineness of the conventional mineral
admixtures and using them as a partial substitute for cement. Silica fume and metakaolin ground to ultrafine state and ceramic
powder obtained from grinding waste ceramic tiles were used as mineral admixtures. The mixes were designed for a compressive
strength of 50 MPa and were prepared for both binary and ternary blended cases. Binary blended specimens were cast, partially
replacing cement with unground silica fume, ground silica fume, unground metakaolin, and ground metakaolin separately in
different replacement proportions. Ternary blended mixes were prepared using ceramic powder in 4%, 9%, and 14% and with
silica fume in a constant level of 1% percentage. All the cast specimens were compared against the control concrete. A deeper
comparative analysis was also made by comparing the performance of specimens made with unground mineral admixtures with
that of ground mineral admixtures. Various parameters such as resistance against water absorption, percentage of voids, and
sorptivity characteristics were studied. It was observed that increasing the fineness helps fill up the pores, thereby improving the
resistance to permeation action.

1. Introduction

The pore structure of concrete is considered one of the
significant characteristics of concrete as it plays a vital role in
assessing the mechanical and durability properties of con-
crete [1]. Pore structure, in general, includes pores of all
types such as air voids, capillary pores, and gel pores. The
presence of pores in concrete causes permeation of fluid
particles into the concrete and, if permitted for a more
extended period, may threaten the stability of the structures.
Permeability of concrete is arrived at by measuring the flow

of any fluid, mainly water, under pressure gradient [2].
Resistance to permeation is an essential property in high-
performance concrete. It plays a significant role in esti-
mating the performance of the concrete as it affects the
durability of the structures, especially those exposed to
aggressive environments. The presence of pores in concrete
leads to the permeation of water, salt, and other natural
agents, resulting finally in the deterioration of concrete. This
can be controlled by incorporating more refined supple-
mentary cementitious materials available as industrial by-
products. Silica fume and metakaolin are the commonly
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used supplementary cementitious materials among those
possessing pozzolanic nature.

Many reports are available in justifying the capability of
such supplementary cementitious materials in resisting
permeability and improveing performance. Poon et al. [3]
reported that comparing the concrete with silica fume and
metakaolin, the metakaolin-based concrete resulted in dense
matrix possessing low porosity characteristics.

In addition to the industrial by-products used as sup-
plementary cementitious materials, a few authors have used
industrial dumped wastes such as both in cement and fine
aggregate to enhance the durability characteristics of con-
crete. Karthikeyan and Dhinakaran [4] have carried out
works with construction waste ceramic powder and reported
that strength development was better in 15% replacement of
ceramic powder for cement, and it was mentioned that the
improvement in strength is mainly due to the pore-filling
effect. Karthikeyan et al. [5] developed a high=strength
concrete using dumped iron ore tailings as fine aggregate
and reported that the iron ore tailings can be used up to a
maximum replacement level of 30% for fine aggregate, and
the authors also mentioned that waste utilization in concrete
with suitable adaptation of fibres can yield better strength
and durability.

Adding to the earlier research works of using conven-
tional mineral admixtures in a typical form, many research
works were completed and many are still in progress with
nanosized mineral admixtures in making a densely packed
concrete structure to arrest the permeation, and a few are
presented in this section. Jo et al. [6] in their experimental
research stated that mixing nano-SiO, to cement improved
the early age and 28-day strength of the cement mortars due
to the increased surface area, thereby increasing the rate of
pozzolanic reaction which ultimately led to an increase in
strength. Pacheco-Torgal et al. [7] developed high-perfor-
mance concrete with nanoparticles, and their report dis-
cussed the use of nanoparticles in concrete and their
benefits, and also, it suggested suitable methods to improve
the mechanical properties of high-performance concrete.
Actually, Ali et al. [8-10] contributed more to the research
on using nanosized mineral admixtures such as ZnO, and
TiO; in regular as well as self-compacting concrete.

Though the use of nanosized mineral admixture pro-
vided a densely packed concrete matrix, thereby reducing
the permeation characteristics, the cost involved is too high,
so the ultrafine mineral admixtures were tried by many
researchers to make the concrete economically feasible and
durable, and few of them are discussed here. Karthikeyan
and Dhinakaran [11, 12] developed a high-strength concrete
by blending ultrafine TiO, with silica fume and presented its
behavior in both fiber-reinforced and -unreinforced con-
crete specimens. Karthikeyan and Dhinakaran [13, 14] tried
using the conventional mineral admixtures in their ultrafine
state. They found that there was undoubtedly an improve-
ment in the mechanical and durability properties when the
size of the conventional supplementary cementitious min-
eral admixtures reduced to an ultrafine state. Chai et al. [15]
carried out works with ground fly ash to prepare high-
strength concrete. Felekoglu et al. [16] performed
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experimental investigations by grinding coarse fly ash and
optimizing the fineness to attain a high strength. Teng et al.
[17] used ultrafine ground granulated blast furnace slag to
improve high-strength concrete’s mechanical and durability
properties.

Although, the discussed literature presents a clear view
about the contribution of ultrafine mineral admixtures in
offering better strength properties, other durability prop-
erties such as permeation, presence of voids, and their effects
on the pore structure of the concrete need proper experi-
mental validation. It is essential to check whether durability
properties such as the strength and performance of concrete
made with ultrafine mineral admixtures depend on pore
presence, size, and distribution in the concrete. The total
volume of pores present in a mix affects the strength and
elasticity of concrete [18]. Niu et al. [19] discussed the pore-
filling capability of superfine slag in cement paste. It is re-
ported that the use of superfine slag decreased the presence
of voids and resulted in better porosity behavior and more
overdue to their complete hydration, and the strength of
mortars increased. This paper presents the experimental
investigations adopted in studying the durability charac-
teristics of concrete made with ultrafine mineral admixtures
and the effect due to size reduction in filling up the pores.

In the present study, the permeation characteristics of
specimens made with normal silica fume and metakaolin were
compared with those of specimens made with ultrafine silica
fume and ultrafine metakaolin. The ultrafine state was obtained
by grinding the commonly available silica fume and metakaolin
using a ball mill. The main focus of this study is to assess the
capability of ground silica fume and ground metakaolin in
resisting the permeability and porosity properties. A perme-
ability test was conducted through the sorptivity method. Based
on the sorptivity, porosity, and water absorption test results, the
replacement levels required for attaining durability and the
comparison in the permeation resisting characteristics of
ground and unground specimens were discussed. In addition
to ground/unground silica fume, ground/unground meta-
kaolin, to implement waste utilization specimens using ceramic
powder, was also made, and the results were also discussed.

1.1. Research Scope and Significance. This paper reports the
permeation characteristics of high-strength concrete with
ultrafine mineral admixtures. Though many works were
reported in strengthening the pore structure using nanosized
and ultrafine cementitious materials, limited works were
carried out on silica fume due to their finer size and other
industrial wastes such as ceramic powder. In this work, the
use of the ultrafine mineral admixtures, especially with silica
fume, metakaolin, and ceramic powder, and their effect in
protecting the pore structure were studied by performing
various tests such as sorptivity and porosity tests.

2. Materials Used

2.1. Basic Materials. OPC confirming to ASTM C150 [20]
was used in the present research. Table 1 presents the
composition of cement. River sand possessing physical
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TaBLE 1: Compounds of cement and other mineral admixtures
obtained from XRF.

Concentration in percentage

Compounds Cement Silica Metakaolin Ceramic
fume powder
SiO, 23 97.36 53.67 55.80
MgO 0.4 0.79 0.09 4.28
Al O; 0.6 0.53 43.34 19.13
SO; 2.5 0.51 0.27 0.54
Fe,0; 4 0.15 0.46 7.88
CaO 62 0.14 0.37 7.85
P,Os - 0.09 0.12 0.13
Na,O — 0.06 0.12 1.17
Cl — 0.02 0.02 0.13
K,O — 0.29 0.17 1.36
MnO — 0.01 — 0.04

properties such as fineness modulus 2.60 and a specific
gravity of 2.63 was used as fine aggregate. Well-graded
coarse aggregate, which was locally available and of standard
size greater than 4.75mm and less than 12.5mm with
fineness modulus 2.72, was used.

2.2. Silica Fume. Silica fume (SiO,), a by-product obtained
from ferrosilicon industry, was used as one of the mineral
admixtures. It is a very fine powder with more than 95% of
the particles having a size less than 1 um. The silica fume
used in this study was received from Oriental Exporters,
Navi Mumbai, Maharashtra, India. Silica fume was used in
unground (as supplied) ultrafine states (after grinding in the
planetary ball mill). The components of silica fume were
found using an XRF analyzer, and Table 1 shows the
composition.

2.3. Metakaolin. Metakaolin is derived from purified kaolin
clay, formed by calcining purified kaolinite at a temperature
range between 650°C and 700°C. Kaolinite is hydrous alu-
minium silicate and is represented chemically as
Al,03.2510,.2H,0. Metakaolin is finer than cement parti-
cles but coarser than silica fume. Table 1 shows the chemical
composition of the metakaolin.

2.4. Ceramic Powder. Industrial by-products such as silica
fume, fly ash, and GGBEFS are usually pozzolanic and have
many chemical components similar to cement. The use of
such mineral admixtures in concrete can help in reducing
the cement content without affecting the strength charac-
teristics. They indeed help in increasing the long-term
strength of concrete. On the other hand, other industrial
wastes such as marble, granite, and ceramic powders cannot
be expected to exert pozzolanic behavior but can act as inert
materials. However, in an excellent powder form, a ho-
mogeneous mixture can be arrived at using them. The ce-
ramic powder used in the present work was prepared by
grinding waste ceramic tiles in a ball mill. The ceramic
powder that is coarser than cement was finely ground to a
size much less than that of cement. Though they cannot exert

a better pozzolanic characteristic, they can act as fillers in
concrete. The specific gravity of ceramic powder is 2.182. The
components of ceramic powder are shown in Table 1.

2.5. Superplasticizer. The superplasticizer CONPLAST SP
430 obtained from FOSROC company was used to induce
the workability. It was used in a dosage of 1.5 litres per
100 kg of cement depending on the required workability.

2.6. Ultrafine Silica Fume and Metakaolin. Silica fume and
metakaolin were ground using a planetary ball mill of
320 rpm. Zirconium balls of size 10 mm were used for the
grinding process. The balls were added in different time
durations, and only 18 balls were used initially. 20 minutes
later, the number of balls was increased to 26. Figure 1 shows
the zirconium balls used while grinding metakaolin. The
grinding efficiency of the mill is affected by various factors
such as the materials to be ground, the ratio of the material
to the balls used for grinding, and the grinding ball size. The
quantity of the material was judged by trial and error only
[25-27]. So, the material silica fume/metakaolin was ground
individually for 1 hour in 100 g and 50¢g, and the effect of
grinding was observed.

2.7. Ultrafine Ceramic Powder. The ceramic powder was
prepared by breaking ceramic tiles into smaller pieces by
feeding into a jaw crusher and then grinding waste ceramic
tile in a dry ball mill. The ceramic powder was made by
grinding waste ceramic tiles in a jaw crusher, making them
into less-coarse particles first. Then, the less-coarse particles
were fed into a dry ball mill and 7 numbers of 30 mm di-
ameter steel balls, each weighing 400 g. The grinding process
was continued for 30 minutes, 45 minutes, and 60 minutes.
A 75-micron sieve was used to collect only the particles that
are finer than cement. A particle size analyzer was used to
categorize the samples ground for different durations, and
the finer samples were used for the research. Figures 2-4
depict the process involved in grinding ceramic tiles. The
components were found using X-ray fluorescence (XRF) and
are presented in Table 1 to ensure that the ceramic particles
also possess chemical properties similar to those of cement
and are helpful for a partial replacement for cement.

2.8. Mixture Proportions. The research was conducted for
two types of mixes, namely, binary and ternary mix. Among
the binary mix category, silica fume, metakaolin, and ce-
ramic powder were used as mineral admixtures as partial
substitutes for cement in both unground and ultrafine states.
In ternary mix, ceramic powder and silica fume were
blended with cement. The mineral admixtures were used to
partially replace cement in 5%, 10%, and 15%. The mixes
were proportioned with a water-cement ratio (w/c) of 0.3. A
control mixture without adding supplementary cementi-
tious materials was cast to compare with other mixes. A total
of 19 mixes including one control mix, 15 binary mixes
(UGSF5, UGSF10, UGSF15, UFSF5, UFSF10, UFSF15,
UGMK5, UGMKI10, UGMK15, UFMKS5, UFMKIO0,



FIGURE 1: Zirconium balls and metakaolin during grinding.

FIGURE 2: Waste ceramic tiles from construction sites.

FIGURE 3: Jaw crusher for crushing tiles.

FIGURE 4: Ultrafine ceramic powders after grinding in a planetary

ball.
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UEMKI15, CP5, CP10, and CP15), and 3 ternary mixes
(CSF5, CSF10, and CSF15) were made. The main objective of
this research work is to check the pore-filling capability due
to the increase in the fineness of the mineral admixtures. So,
mixes were made using the mineral admixtures in their
unground state (UGSF and UGMK) and ground state (GSF
and GMK). Ceramic powder (CP) was used in its fine
ground state both in binary mixes and ternary mixes. In
ternary mixes, the ceramic powder was used in a larger
proportion by 4%, 9%, and 14% to encourage waste utili-
zation. Sometimes, ceramic powder may behave like an inert
material that can only fill pores and cannot provide nec-
essary pozzolanic action. So, silica fume was added in a
minor amount of 1% to induce pozzolanic action and
possess cementitious properties. The mix was named CSF.
The mix design was carried out by the ACI method, and the
mix proportion obtained was 1:1.04:2.13:0.3 (cement: fine
aggregate: coarse aggregate: w/c) with a suitable addition of
superplasticizer. The methodology is illustrated in Figure 5.
Tables 2 and 3 show the mix details adopted.

3. Experimental Investigations

3.1. Sorptivity. Sorption is the absorption of water under
capillary suction. This test will help in assessing the quantum of
water absorbed in the pores of the specimen under capillary
suction. Cylindrical specimens of size 100 mm (d) x 50 mm (/)
were cast and used for the present work. The specimens after
finishing their 28-day period of normal curing were dried in an
oven at about 110°C. Then, the oven-heated specimens were
kept in a sealed container to cool them in an ambient tem-
perature. The specimen surfaces were covered with nonporous
insulation tape except the bottom surface as shown in Figure 6.
Specimens were kept in water only 3 to 5 mm from the bottom
surface to ensure entry of water only through the bottom. The
mass of the specimen at the periodical interval was taken in
accordance with ASTM C1585 [21]. The volume of water
absorbed had been calculated by dividing the total mass of the
specimen by the nominal surface area and by the density of
water. These obtained values were then plotted against the
square root of time, and the water sorptivity coefficient of
concrete is the slope of line of the best fit.

3.2. Porosity Test. The durability test for the specimen was
conducted by performing a porosity test. The test was
performed in accordance with ASTM C642-13 [22]. Cyl-
inder specimens of size 100 mm (dia) x 50 mm (thick) were
cast for various replacement percentages of cement and are
kept for 28 days curing. After obtaining the weights of all
these specimens at different conditions such as oven-dried
weight and saturated weight after keeping in water for 24
hours, as specified in the codal provisions, the percentage of
voids (porosity) of the specimen was calculated.

4. Results and Discussion

4.1. Size Reduction by Grinding. Ultrafine silica fume and
metakaolin were obtained by subjecting the mineral ad-
mixtures separately to different hours of grinding in a
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Blended mixes

Binary blended mix

Ternary blended mix

[

|UGM| |GM| |UGS| |GS| |CP|

| Replacement levels |

CP4%

Replaced for cement in 5%,10%,15%

+SF1
%

CP9%
+SF1%

CP14%
+SF1%

FIGURE 5: Pictorial representation of the mix proportions adopted.

TABLE 2: Mix proportion: binary mix (cement and any one mineral admixture).

Mix reference

Parameters N N 5 3 . 5 3

Cement (kg/m”)  SF (kg/m”) MK (kg/m”) CP (kg/m’)  Fine aggregate (kg/m”)  Coarse aggregate (kg/m”)
CONTROL 522.57 — — —
UGSF5 496.44 26.13 — —
UGSF10 470.31 52.26 — —
UGSF15 444.18 78.38 — —
UGMKS5 496.44 — 26.13 —
UGMK10 470.31 — 52.26 —
UGMKI15 444.18 — 78.38 —
GSF5 496.44 26.13 — —
GSF10 470.31 52.26 — — 24418 111384
GSF15 444.18 78.38 — —
GMK5 496.44 — 26.13 —
GMK10 470.31 — 52.26 —
GMK15 444.18 — 78.38 —
CP5 496.44 — — 26.13
CP10 470.31 — — 52.26
CP15 444.18 — — 78.38

TaBLE 3: Mix proportion: ternary (cement + SF + CP).
Mix reference
Parameters 3 3 3 . 3 3
Cement (kg/m”) CP (kg/m”) SF (kg/m”) Fine aggregate (kg/m’) Coarse aggregate (kg/m”)

CONTROL 522.57 — —
CSF5 496.44 25.085 1.045
CSF10 470.31 50.17 2.09 S44.18 1113.84
CSF15 444.18 75.24 3.14

planetary ball mill using zirconium balls. Initially when the ball
mill is loaded with its full capacity, the percentage reduction in
size was only 20.84%; later, the quantity was reduced to 50%,
and a greater percentage of reduction in size about 75.39%
from the original size of microsilica was obtained. Table 4
presents the average diameter size details for which the
maximum reduction was obtained. The same procedure was

adopted for grinding metakaolin also. It can be seen that major
reduction in size of about 75.83% was obtained when 50 g of
metakaolin was subjected to grinding for 1 hour. The particle
size of the ceramic powder checked by using a zeta analyzer and
reported as average diameter ensures that their size is less than
the size of cement. It is shown in Table 4 and in Figures 7-11.
As the particles reached ultrafine size at one hour of grinding,
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FIGURE 6: Specimens for the sorptivity test.

TaBLE 4: Reduction in size after grinding.

Sl no. Sample type Duration of grinding (hours) Size (nm) Percentage variation in size
1 UGSF — 638 L
0,
2 GSF 1 157 75.39% decrease in size
3 UGMK — 1738
0 _—
4 GMK 1 420 75.83% decrease in size
5 CP 1 2481 —
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FIGURE 7: Particle size distribution graph of UGSF.
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FIGURE 8: Particle size distribution graph of GSF.

the experiments were carried out with samples ground for one
hour only, fixing that as the optimum duration for obtaining
finer particles.

4.2. Water Absorption and Sorption Coefficient of SF-Blended
Binary Mix. All the SF-mixed specimens showed less water
absorption than control by 0.52%, 0.54%, and 0.55% for

FIGURE 9: Particle size distribution graph of UGMK.

Size Distribution by Intensity
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F1GURE 10: Particle size distribution graph of GMK.

UGSF5, UGSF10, and UGSF15 specimens. GSF specimens
performed well and have shown better resistance in resisting
water permeation showing a much less value than the
control and UGSF specimens. The reduction in water ab-
sorption is due to the filling of the pores by the ground fine-
sized silica fume which had made the concrete a densely
packed one, thus resisting further water absorption. The
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FiGURrE 12: Water absorption values of SF.
TaBLE 5: Sorption coefficient.
Replacement levels
Specimen Sorption coeflicient
0 5 10 15
CONTROL 0.008 — — —
UGSF — 0.004 0.018 0.029
GSF — 0.005 0.002 0.002
UGMK — 0.008 0.006 0.005
GMK — 0.008 0.007 0.009
Cp — 0.01 0.011 0.007
CSF — 0.241 0.141 0.074
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FIGURE 13: Sorption coefficient of UGSF.

effect of ground silica fume GSF in water absorption has
already been discussed by the authors in their earlier work
[4]; here, it is compared with the UGSF, and it is found that
the specimen with GSF performs well in resisting the water
absorption. Figure 12 shows the variation in the percentage
of water absorption of specimens with SF.

On comparing our results with other research works
[23], it was observed that when SF was used as a mineral
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Ficure 23: Porosity: MK.

admixture, the absorption values varied between 2.9% and
4.8%; here, all the water absorption values are less than 1%
indicating a low water absorption percentage. On referring
Table 5 and Figures 13 and 14, it is understood that the
sorptivity specimens with UGSF showed higher values than
GSF, but the values are well within the limit. UGSF15 also
has shown the higher sorption values which means it has let
more water to pass inside making it weak. Among the GSF-
mixed specimens, GSF10 has shown a less sorptivity value of
0.002, and it indicates that the GSF10 has packed well the
pores of concrete which would increase the strength and
GSF has shown a higher sorption value, and higher sorption
value indicates that the water permeation was more. GSF15
use with finer material in concrete did not improve the water
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permeation as a major number of finer particles have dis-
solved or might have been wasted in the mixing process as
air dust. As the water absorption characteristics of GSF 5
were less compared to those of GSF10 and GSF 15, the
sorption coefficient values of GSF 10 and GSF15 were very
less among all SF-mixed specimens. But, as discussed earlier,
the sorption values involve large decimal values and the
rounded values are presented in Table 5. It is just an in-
dication to identify whether the permeation is under control;
moreover, use of finer materials requires more water as the
specific surface is increased which will affect the strength of
concrete, so on an overall observation, GSF 5 can be con-
sidered as an optimum mix among all.

4.3. Water Absorption and Sorption Coefficient of MK-Blended
Binary Mix. Figure 15 illustrates the water absorption values
of different specimens from which it is understood that the
ultrafine ground particles are unable to fill the pores and less
water absorption was shown by UGMKI15 specimens.

It is reported by Khatib et al. [24] that when metakaolin
was used as a mineral admixture in the normal state, the
water absorption values ranged between 4.2% and 5.4%. On
comparing those with present experimental results, it was
noted that water absorption values were less and the highest
values are reported in UGMK and were found to be only
1.28% and 1.35%. The details are illustrated in Figure 14.
From Table 5, it is clear MK-based specimens showed less
sorption values irrespective of the nature whether unground
and ground. The less sorption values indicate that the pores
are properly packed. The less sorption values will lead to high
strength, and it can be referred from the mechanical
properties discussed by the same authors [13]. Much dif-
ference in sorption coefficient values was not identified
among UGMK and GMK specimens. Though the sorption
and water absorption characteristics are based on the masses
of the specimens in water, the results are little contradictory
as UGMK specimens show high water absorption than GMK
and the difference was found to be less in sorption values.
Sorption values use more decimal digits, and the difference
can be noted when larger decimal digits were considered.
But, it is clear that the effect of grinding has improved the
water permeation resistance. Figures 16 and 17 show the
sorption coeflicient of UGMK- and GMK-based concrete
specimens.

4.4. Water Absorption and Sorption Coefficient of CP-Blended
Binary Mix. On observing the water absorption charac-
teristics of the ceramic powder-mixed concrete specimen, it
was found that CP15 has absorbed water less of about 0.88%
than CP5 and CP10 for which the water absorption values
were found to be 1.35% and 1.25%, respectively. Figure 17
shows the percentage of water absorbed by CP-mixed
specimens compared with control. The sorption values of the
specimens cast with CP are shown in Figure 16, and from
Table 5, it is evident that the difference between CP5 and
CP10 sorption values is very less. On comparing this with the
strength results of Karthikeyan and Dhinakaran [11], it is
evident that CP15 has exhibited more strength of 58.8 MPa

than CP5 or CP10. CP is not finer than silica fume or MK, so
its water absorption values are more than those of the
specimens made with GSF, UGSF, GMK, or UGMK. But,
among the ceramic-based concrete specimens, CP 15 has
shown better water-resisting characteristics and lower
sorption value which indicates that, with ceramic powder, a
better resisting mix is possible with use of larger quantity of
ceramic powder. Figures 18 and 19 show the percentage of
water absorption and sorption values of CP with different
replacement percentages compared with control.

4.5. Water Absorption and Sorption Coefficient of CSF-
Blended Mix. Among ternary blended mix, CSF15 has
shown a less water absorption of 0.72% and a lower sorption
coefficient of 0.074 making it better than the other ternary
blended mixes CSF5 and CSF10 which have shown a water
absorption of 3.33% and 1.18% and sorptivity values of 0.241
and 141. This improvement in the mixes compared with
those made with cement and CP alone on reduced water
absorption and lower sorption coeflicient is due to the
addition of 1% finer SF along with CP in all the mixes. The
presence of cement, SF, and CP provided a densely packed
mix filling up the pores, and the water permeation was
controlled. Figures 20 and 21 illustrate these details. On
comparing these results with the strength results of Kar-
thikeyan and Dhinakaran [4], it can be seen that the trend
observed in compressive strength and tensile strength is
repeated as in the previous cases also, CSF15 performed
better than CSF5 and CSF10.

4.6. Sorptivity: Overall View. According to Giineyisi et al.
[2], the increase in SF and MK content resulted in lower
sorptivity in concrete. A similar result was obtained in the
present work also and was due to the modification of mi-
crostructure and secondary hydration. The pozzolanaic
materials such as SF or MK have the tendency to improve the
pore-filling capability by reactions with the calcium hy-
droxide evolved during hydration, thereby making the in-
terfacial transition zone dense, and in addition to this, the
ultrafine property has helped them to some extent in filling
up the pores and increasing strength or water absorption
characteristics. The CP-blended mixes are not expected to
show high pozzolanic reactions, and the resistance to water
absorption is mainly compared with that of those made with
UGSF, GSF, UGMK, and GMK, but this can be rectified on
using them with other finer materials such as SF in suitable
proportion, and this resulted in a better sorption coefficient
for the CP-mixed specimens as to the pores got filled
effectively.

4.7. Void Percentage in SF-Blended Binary Mix and Ternary
Mix. Figure 22 shows the voids percentage for various
mixes. The porosity values of all the specimens mostly re-
flected the water absorption results and also helped to arrive
at a proper justification for the water absorption values.
Control concrete showed a void percentage of 6.6. Though
the finer silica fume helps in filling the pores in concrete,
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sometimes, it may also get dissolved and get dispersed in the
mix. This problem has occurred when the finer particles were
added in large replacement levels such as 15% for UGSF and
GSF-mixed specimens; they were unable to fill the gap of
cement left over and were unable to control the formation of
pores and showed a higher porosity among GSF specimens.
The SF particles either got dispersed or dissolved making the
concrete vulnerable to air voids which convey that the
addition of finer particles may not yield better results. Other
SE-mixed specimens UGSF5, UGSF10, GSF5, and GSF10
have restricted the presence of air voids and protected the
specimens from being affected with pores. The specimen
made with UGSEF in all combinations (5%, 10%, and 15%)
showed only moderate porosity value making it a possible
supplementary material for cement.

4.8. Porosity: Void Percentage in MK-Blended Binary Mix.
MK-mixed specimens, though cannot fill the pores as SF fills
because of their size being coarser than SF, have put up a
decent effort in filling up the pores due to their ability to
form additional calcium silicate gel during hydration.
UGMK when added in lower quantity has not much effect in
filling the pores, and the porosity values were more than
those of the control specimens; on slowly increasing the
replacement, the results turned to be good for UGMK, and
the one with 15% replacement showed a better filling ca-
pacity with less porosity values than control. Ground MK
specimens have shown porosity values which reflected the
water absorption and compressive strength values. A much
less value of 3.86% was seen for GMKS5, and the values of
other GMK specimens showed a gradual increase in porosity
as the replacement levels were increased. The void per-
centage was nominal for GMK 5 and GMK 10 and was
higher for GMK15. So, adding ultrafine particles more in the
mix affected the specimen by making it more porous. So,
GMK 5 and GMK 10 were found to be better with nominal
void percentages. These details are illustrated in Figure 23.

5. Conclusions

The following were the conclusions obtained from the ex-
periments conducted:

(1) Using ultrafine mineral admixtures made with
conventional mineral admixtures such as SF and MK
in more significant replacement levels affected the
water permeation resistance as the specimens
dragged more water into them due to an increased
specific surface area.

(2) Considering the UGMK and GMK specimens,
samples with less replacement of GMK showed
better resistance to water permeation. The water
absorption and porosity values gradually increased
from GMKS5 to GMK 15.

(3) On comparing all the tests, GMK5 showed better
resistance to water and air void permeation.

(4) The sorption values of GSF5, GSF10, and GSF15
were minor. The water absorption and porosity
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characteristics gradually increased, with GSF5 pos-
sessing lower water absorption and void percentage
and GSF15 having higher values.

(5) Though GSF10 and GSF15 possessed lower sorption
values, the values increased as finer particles were
added to the mix. The presence of more ultrafine
particles increased the water requirement of the mix
due to their increased specific surface area. So, GSF 5
is considered an optimum replacement level among
the blends made with UGSF and GSF.

(6) Among the binary blended mixes, GSF5, GMKS5, and
CP15 are the identified optimum mixtures resisting
water absorption and air voids.

(7) In the ternary blended mixes, CSF15 showed better
permeation resistance characteristics with less
sorption coeflicient and low water absorption and is
identified as the optimum mix in this category.

(8) Also, adding CP in a significantly less quantity of 5%

or 10% in binary or ternary blended mixes was in-
effective in improving the resistance to water

permeation.
Abbreviations
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This paper reports the effect of snake grass (SG) fibers in Ficus exasperata Leaf Ash (FELA) concrete. Snake grass fibers of percentages
0.5, 1, 1.5, and 2 were used in this investigation. Tests of compressive strength, split tensile strength, and flexural strength and
durability studies of salt resistance, sulphate resistance, and impact energy resistance were determined, and the test results are
discussed in detail. Test results revealed that FELA ash of 15% replacement in cement showed remarkable binding property.
Moreover, incorporation of snake grass fiber in concrete improves the strength, postcracking resistance, and energy absorption. It is
also observed that 1.5% snake grass fiber incorporation in concrete exhibited better strength properties and energy absorption
property than 0.5% and 1%. Also, beyond 1.5%, there is significant reduction in workability property. Regardless of durability
property, the mix containing 1.5% snake grass fiber has shown better resistance against durability when compared with other mixes.
It is also observed that penetration of chloride and sulphate ions made slight deterioration at sharp edges. Moreover, test results
revealed that applications of FELA concrete with snake grass fiber can be effectively expanded in the construction industry.

1. Introduction performance and functional ability. The main objective of

the sustainable growth is to ensure the benefits for future
Concrete is the most widely used material next to water all ~ generation without affecting the needs of the present gen-
over the world. The construction activity can be enhanced by eration [1, 2]. Binder is an essential material that combines
focusing attention towards sustainability in addition to  some materials together to develop a cohesive mechanically
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or chemically by adhesion or cohesion. In construction
work, Portland cement is used as a binder in concrete which
holds aggregates together [3]. Portland cement can be cat-
egorized into various types of cement according to the raw
materials used and use of additives and adjustment of
chemical composition. In fact, Ordinary Portland Cement
(OPC) is the most important type which is commercially
available everywhere and another choice known as Portland
Pozzolana Cement (PPC) is increasingly in use in this decade
due to its high performance [4]. Infrastructural development
makes concrete be used in wide applications because of its
enhanced compressive strength which is an added advan-
tage. It also has few limitations such as lack in toughness and
lesser tensile strength. During application of load, occur-
rence of cracks is observed and the crack scale is in different
extent under every magnitude of load. Mechanical and
durability properties of the concrete have improved when
concrete is blended with fly ash, lime stone powder, and rice
husk ash in the percentage of 20, 10, and 5 [1]. At fracture
point of view, concrete with no reinforcement has dem-
onstrated lesser tensile strength and minimal strain [2].
Concrete brittleness gets weakened when crumb rubber
content is increased inside concrete [5]. Higher ductility and
toughness have been observed in Engineered Cementitious
Composite (ECC). The volume of fiber addition by 2%
produces 3% increment in maximum tensile strain [6-8].
ECC with nonexistence of coarse aggregate has improved
brittleness owing to the presence of coarse aggregate but
affects the fiber distribution in concrete [9]. Fiber is a tiny
material which acts as reinforcing element in concrete. The
parameter aspect ratio (length to its diameter) illustrates the
shape of fiber and aspect ratio is typically ranging from 20 to
150. Fibers are broadly classified as metallic fibers, mineral
fibers, synthetic fibers, and natural fibers. Fibers such as low
carbon steel, stainless steel, galvanized iron, and aluminum
are belonging to metallic fiber category while asbestos, glass,
and carbon come under the category of mineral fibers.
Synthesized polymers of tiny molecules are bonded together
to form synthetic fibers and few synthetic fibers are poly-
ester, nylon, polypropylene, and polyethylene. Natural fibers
are formed due to geological processes or from plants and
animal bodies. Apart from static loads, concrete structure is
also subjected to impact loads due to earthquakes, machine
vibration, natural calamities, and so on. Impact load in the
structures makes concrete fail suddenly but when fibers are
incorporated in the concrete structure it overcomes the
brittle failure [3, 10]. Also, energy absorption property in-
creased with inclusion of silica fume materials, steel fibers,
and polypropylene fibers. Hybrid fibers result in overall
improvement and higher performance and produce better
mechanical properties [11]. The presence of carbohydrate
content in cementitious material improves the service life of
structures and secondary cementitious material with silica
reaction improves strength in concrete [12]. 15% replace-
ment of Ficus exasperata Leaf Ash shows better mechanical
property and when the replacement percentage has in-
creased, strength gets decreased [4, 13-16]. Increased
compressive strength of cement paste enhances the com-
pressive strength of the concrete and addition of nanosilica
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(NS) modifies the microstructure property of hardened
cementitious paste [17]. Inclusion of mineral admixtures in
high volume boosts the concrete strength. Specimens cured
under steam curing and high pressure steam curing possess
improved compressive strength compared to other curing
conditions [18]. Better filler property is observed in Ennore
sand having grade I (70%) and grade II (30%) [19]. Fiber
orientation influences the mechanical properties of the
concrete [20]. Steel fibers packed with high density ac-
complish high compressive strength [21]. More researches
are being carried out utilizing various fibers like steel fibers,
polypropylene fibers, and carbon fibers. Nevertheless, lim-
ited researches have been carried out using steel fiber and
snake grass fibers. In this present study, an attempt has been
made to investigate the mechanical and impact resistance
properties of concrete containing different percentages of
snake grass hybrid fibers and feasibility of using Ficus
exasperata Leaf Ash in concrete as a partial replacement for
Ordinary Portland Cement (OPC) [22]. Steel fiber addition
in concrete improves impact energy absorption capacity
[23]. Supplementary cementitious materials (SCMs) such as
rice husk ash, fly ash, bottom ash, and ground granulated
blast furnace slag in concrete increase strength and dura-
bility properties and they also make concrete more eco-
nomical and environmentally friendly. Inclusion of steel
fibers increases the ductility and energy absorption property
in concrete. In addition, addition of various fibers in the
concrete exhibits various kinds of action in the behaving
property [24]. Three kinds of actions include toughening,
reinforcing, and anticracking. Upon environmental expo-
sure, cracks formation takes place in the structures. Major
cracks formed in the structure are of shrinkage cracks. Those
cracks can be arrested and the action of preventing or ar-
resting the crack generation in the structures is called
anticracking. Moreover, mechanical properties of the con-
crete can be improved by inclusion of the fibers and the effect
caused due to cracks can be minimized or arrested. The
action taking place due to this effect is known as reinforcing
action. Further, it also increases the toughness property of
the concrete and it refers to toughening action. During the
use of steel fibers, compaction using vibrator can be pre-
ferred for even distribution of fibers which can increase the
concrete density that indirectly improves the mechanical
properties of the concrete. In order to improve the ductile
property in concrete, fibers can be added in optimum
percentage [25]. Volume addition of fibers by 2% increases
the tensile strength of concrete by 3%. Engineered Cement
Composite (ECC) incorporation instead of coarse aggregates
enhances the fiber distribution in the concrete. Fly ash (FA)
addition in ECC greatly reduces the emission percentage of
carbon dioxide and also improves the toughness and duc-
tility. It is noticed that FA addition greatly decreases the heat
of hydration and it also makes the concrete economical [26].

2. Materials

2.1. Cement and Aggregates. Ordinary Portland Cement
(OPC) grade 53 with specific gravity of 3.10, fineness of
3.05%, and consistency of 31% has been used in this study.
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Initial setting time and final setting time have been recorded
and it is found to be 85 and 290 minutes, respectively.
Crushed blue granite metal (coarse aggregate (CA)) having a
specific gravity of 2.72 and M-sand (fine aggregate (FA))
with a specific gravity of 2.65 are used. OPC grade-53 cement
and coarse aggregates were purchased in APAT Crushers,
Erode, Tamil Nadu, India.

2.2. Fibers. Snake grass fibers (Sansevieria ehrenbergii)
having a diameter of 45um and tensile strength ranging
240-450 MPa have been used in this present study (Fig-
ure 1). Furthermore, to know the morphological behavior,
scanning electron microscope study on snake grass fiber has
been carried out at PSG College of Technology, Coimbatore,
Tamil Nadu, India (Figure 2). The scanning electron mi-
croscope (SEM) image revealed that the shape of the fiber
cross section is round and it is mainly used to determine the
strength of the fiber. The snake grass fiber has very low
density associated with other biofibers like flax, sea grass,
and oil palm but has higher density than elephant grass,
ramie, and petiole bark. The transverse and the longitudinal
direction of fiber diameter are around 20-240um and
25-250 ym using optical microscopy.

2.3. Ficus exasperata Leaf Ash (FELA). Ficus exasperata leaf
(sand paper tree) was gathered from Palakkad district, Kerala
(Figure 3). Gathered leaves were dried at natural sunlight and
heated over at muftle furnace at a temperature of 500°C and
while heating, the ash was subjected to calcination. The ash
obtained after calcination was sieved through 90 microns (¢)
to attain the required fineness. In order to investigate the
presence of chemical compounds in FELA, chemical prop-
erties have been studied at Sona College of Technology, Salem,
Tamil Nadu, India. FELA comprises 81.45% SiO,, 5.88% CaO,
3.78% SO3, 3.02% Kzo, 1.85% A1203, and 1.95% Fe203 [4]
The chemical test results proved that FELA can be effectively
used as supplementary cementitious material since it satisfies
the requirement for cementitious material through SiO,
percentage in the ash content. Furthermore, to observe the
morphological behavior of FELA, scanning electron micro-
scope test has been carried out on calcined Ficus exasperata
Leaf Ash at Karunya University, Coimbatore, Tamil Nadu,
India. The SEM image of FELA proved that the particles
present are in spherical and round shape (Figure 4).

2.4. Mix Design. The grade used in this present study is M25
and the mix design has been carried out in accordance with
IS 10262-2009 [27, 28]. Mix produced without snake grass
fiber and Ficus exasperata Leaf Ash is considered as con-
ventional control mix and designated as CC. Four mixes
were prepared with different percentages of snake grass fiber.
The percentage of snake grass fiber used was 0.5, 1, 1.5, and 2
by concrete volume. In order to prepare FELA-SG concrete,
coarse aggregate and fine aggregate are mixed thoroughly in
dry state for 60 seconds. FELA ash (15% weight of total
cement) was added with the dry mix and thorough mixing
was carried out for two minutes. In continuation with the

FIGURE 2: Scanning electron microscope image of Sansevieria
ehrenbergii fiber.

FIGURE 3: Ficus exasperata leaf before drying process.

process, potable water available at KPR Institute of Engi-
neering and Technology (KPRIET) college laboratory was
added and homogenously mixed for five minutes. Snake
grass fibers of specified amount required as per mix design
were added and mixed carefully in order to achieve con-
sistent distribution inside the concrete. Table 1 shows the
mix proportion achieved for various mixes. Mix ID MSG
represents the mix produced with snake grass fiber and the
value mentioned in suffix of each mix ID shows the per-
centage of snake grass fiber used.
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FIGURE 4: Scanning electron microscope image of calcined Ficus exasperata Leaf Ash.
TaBLE 1: Mix proportion of various mixes.
, Cement FELA Snake grass , s ,
Mix ID fiber Fine aggregate (kg/m?) Coarse aggregate (kg/m?)
% kg/m’ % kg/m’ % kg/m’
CC 0 428 0 — 0 — 518.50 1195.60
MSGO.5 85 364 15 64 0.5 2.15 518.50 1195.60
MSG1.0 85 364 15 64 1 4.30 518.50 1195.60
MSG1.5 85 364 15 64 1.5 6.45 518.50 1195.60
MSG2.0 85 364 15 64 2 8.60 518.50 1195.60
3. Experimental Program 3.2. Durability Properties. The durability tests such as re-
sistance against salt and sulphate attack were conducted on
3.1. Mechanical Properties. Totally 30 cubes the concrete cube Specimens of

(150 mm x 150 mm x 150 mm), cylinders (150 mm in di-
ameter and 300mm in  height), and beams
(100 mm x 100 mm x 500 mm) are cast to study the com-
pressive, split tensile, and flexural strength of concrete made
with FELA and SG fibers. Among all the tests, compressive
strength test has more importance because, in most of the
structural applications, concrete is subjected to compressive
stress rather than tensile stress. The load was applied
gradually without shock and continuously increased at the
rate of 14 N/sq.mm/min until achieving the resistance of the
specimen. Average of three cubes was tested for each mix to
study the compressive strength properties at the age of 7 and
28 days. Regardless of split tensile strength, the cylindrical
specimen was kept horizontally in compression testing
machine between the platens so that applying of load leads to
failure of the cylindrical specimen along the vertical di-
ameter. It should also be ensured that upper platen is parallel
with lower platen. Load on the specimen was applied
gradually at a nominal rate in the range of 1.2 N/sq.mm/min.
Flexural strength was determined by keeping the specimen
mounted on the two roller beds of 38 mm diameter and the
center to center distance between the two rollers was kept as
400 mm. The load was applied at the compression surface of
the specimen through the couple of rollers mounted above at
the distance of 133 mm from center to center. Load was
applied uniformly at the rate of 1.80 kN/min till the spec-
imen gets failed [29, 30].

100 mm x 100 mm x 100 mm. The 28-day cured cube spec-
imens were dried in room temperature and the weight (W)
of the cubes was measured. Then, the specimens were im-
mersed in NaCl salt solution with 3.5% concentration
(equivalent to sea water). Chloride solution was prepared in
plastic tubs and covered temporarily to arrest the evapo-
ration and dust formation. The pH value of the solution was
monitored periodically and the solution was replaced every
month. Specimens were also tested against sulphate attack.
The test procedure was the same as that of chloride (NaCl)
attack. The specimens were immersed in magnesium sul-
phate (MgSO,) solution with 5% concentration. MgSO, was
selected since it is more aggressive than CaSO,. The im-
mersed specimens in salt and sulphate solution were taken
out at the age of 28, 56, 90, and 180 days for examination.
The examinations such as visual appearance, change in
weight (W), and residual compressive strength studies were
done to know the properties of the concrete subjected to salt
attack.

Percentage of loss in weight can be calculated using the
following equation:
W, -Ww,

percentage of weightloss (%) =
W,

, (1)

where W is the specimen weight before exposure to solution
in kg and W, is the specimen weight before exposure to
solution in kg.
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3.3. Impact Energy Test. The cylindrical specimen of size
150 mm in diameter and 64 mm in height was cast to know
the impact energy absorption capacity [24, 31]. This test was
conducted in accordance with ACI 544.2R-89 (reapproved
in 2009) [32] at the age of 28 days and 56 days. Base plate
with lugs was used to support the specimen cast with PVC
pipe of 63.5mm in diameter which was kept above the
specimen through steel ball of 63.5mm which falls on the
specimen. The number of blows taken for the first crack and
final failure crack was noticed and impact resistance energy
has been calculated using (2). Test setup used for deter-
mining impact energy is represented schematically in
Figure 5.

Eimp = N.m.g.h, (2)

where Eiy,, is the impact energy in J, N is the number of
blows, m is the mass of drop hammer in kg, g = 9.81 m/s?,
and h is the releasing height of drop hammer in m.

4. Results and Discussion

4.1. Mechanical Properties. Mechanical properties such as
compressive strength, split tensile strength, and flexural
strength were performed and test results are tabulated in
Table 2. Also, statistical analysis for all the mixes was also
done to know the normal distribution of results.

Test results at the age of 28 days revealed that the mix
made with 0.5%, 1%, and 1.5% snake grass fiber exhibited
higher strength properties than the conventional control
mix. When compared to CC, compressive strength of FELA
concrete increased by 11.11%, 22%, and 22.9% for the mixes
having 0.5%, 1%, and 1.5% SG fibers. This can be attributed
to the fact that the addition of fibers made significant effect
on improvement of test results. It has also been observed that
when the SG fiber addition is increased beyond 2%, there has
been a decrease in compressive strength properties. The
decrement of compressive strength is due to poor work-
ability, when high percentage fibers are added, which in-
directly affected the cohesiveness and led to balling effect.
However, the mix with suitable admixture for workability
could show remarkable strength properties with 2% SG fiber
addition [33]. Regardless of split tensile strength, the trend
observed in compressive strength property is as follows. The
mix made with 0.5%, 1%, and 1.5% has shown 5.17%, 21.3%,
and 31% higher split tensile strength than the conventional
control mix. Furthermore, 5.52%, 13.2%, and 17.4% lesser
flexural strength could be observed compared to conven-
tional control mix having 0.5%, 1%, and 1.5% SG fibers. In
both cases, when the percentage addition of SG fibers was
increased by 1.5%, there was a gradual decrease in strength
properties. This is due to deprived workability. Performed
statistical analysis proved that better distribution of test
results are noticed on all the test parameters. Test results
arrived are graphically Figure 6 represented Figure 7 in
Figure 8. In addition, regression analysis has also been
carried out to understand the relationship between the
mechanical property and the percentage of fiber addition in
the concrete and the same is shown in (3)-(5). Moreover, to

measure the fitness of the curve, R? value is determined and
mentioned in

R* = 0.952, fck (28) = 27.90 + 10.34sg — 3.14sg>, R® = 0.952, (3)
R* = 0.953, fst(28) = 2.80 + 1.072sg — 0.35sg”, R* = 0.953,  (4)

R* = 0.950, fct (28) = 3.58 + 0.73sg — 0.22sg>, R* = 0.950,  (5)

where fck is the compressive strength at 28 days (MPa), fst is
the split tensile strength at 28 days (MPa), fct is the flexural
strength at 28 days (MPa), and sg is the percentage of snake
grass fiber (%).

4.2. Durability Properties. Specimens subjected to salt and
sulphate attack have been examined visually and mechan-
ically. Test results revealed that the concrete produced with
Ficus exasperata Leaf ash and snake grass fiber has better
resistance against salt and sulphate attack and the results are
presented in Table 3. Results compared were noticed at the
age of 180 days. Test results demonstrated that, when
compared to control mix, mix MSGy s shows 0.85-fold lesser
percentage of weight retention when subjected to salt attack
solution. Similarly lesser percentage of weight retention was
observed in the mixes made with 1.0 and 2.0% snake grass
fibers. MSG; 5 has demonstrated 0.45-fold increase in per-
centage of weight retention when compared to control mix.
The same trend of results was observed in the specimens
when subjected to magnesium sulphate attack solution. At
the age of 180 days, residual compressive strength was
determined. Test results exhibited that MSG, 5 mix showed
better retention in compressive strength than conventional
control mix. The same trend was observed in percentage of
weight retention property. Upon visual observation, all the
mixes immersed in NaCl solution have no change in color
whereas specimens which are soaked in MgSO, solution
showed slight whitish layer appearance. This can be at-
tributed to the fact that displayed calcium in the cement
matrix shows whitish appearance when immersed in mag-
nesium sulphate solution. Moreover, slight deterioration at
sharp edges observed is due to the effect of chemical so-
lutions. The penetration of chloride and sulphate ions in the
concrete mix makes the matrix bonding disintegrate and
leads to deterioration at sharp edges and this occurred since
edges contain mortar portion rather than concrete portion.
It was also noticed that incorporation of FELA has mag-
nanimous effect on improving the durability properties.

4.3. Impact Resistance Energy. Impact energy test results are
noticed at the age of 28 days and 56 days and the results are
shown in Table 4 and graphically represented in Figure 9.
Test results revealed that the mix with 1.5% snake grass fiber
showed higher impact energy resistance than the mix made
with 0.5% and 1%. It is also been noticed that when the
percentage addition of fiber exceeds 1.5%, there was a
gradual decrement in impact energy property. This can be
attributed to the fact that the increase in fiber content results
in lesser workability and lesser impact energy property. This
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FIGURE 5: Impact energy test setup. (a) Figure. (b) Schematic figure.

TaBLE 2: Strength properties of various mixes.

Compressive strength Split tensile strength Flexural strength
Mix ID Age at testing (MPa) (MPa) (MPa)

Mean SD Mean SD Mean SD
cC 7 20.50 1.51 1.95 0.18 3.10 0.33
28 28.35 1.38 2.90 0.23 3.62 0.43
MSGy s 7 23.20 1.03 2.35 0.17 3.27 0.29
: 28 31.50 2.03 3.05 0.24 3.82 0.26
MSG, 7 25.35 0.74 2.60 0.14 3.40 0.25
: 28 34.85 1.79 3.52 0.24 4.10 0.30
MSG; 5 7 28.25 1.01 2.94 0.05 3.65 0.10
: 28 37.50 1.28 3.80 0.18 4.25 0.35
MSG,, 7 26.50 1.00 2.60 0.20 3.50 0.37
’ 28 35.50 1.88 3.42 0.33 4.12 0.45

50

40

30
20
10

0

MSGO0.5 MSG1.0 MSGL1.5 MSG2.0
Mix ID

Compressive Strength (MPa)

m 7 Days
m 28 Days

FIGURE 6: Compressive strength of various mixes.

same trend of results is observed in compressive strength  Specimens subjected to impact force are shown in Figure 10
property as well. It is evident that impact energy resistance ~ and the observed failure pattern during failure crack is
has a direct relationship with compressive strength.  clearly visible.
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Split Tensile Strength (MPa)

Flexural Strength (MPa)

CcC MSGO0.5 MSGI.0 MSGL.5 MSG2.0
Mix ID
m 7 Days
m 28 Days

FiGure 7: Split tensile strength of various mixes.

CcC MSGO0.5 MSGI.0 MSGL.5 MSG2.0
Mix ID
m 7 Days
m 28 Days

FIGURE 8: Flexural strength of various mixes.

TaBLE 3: Durability properties of various mixes.

Percentage of weight retention at 180

Residual compressive strength at 180

Mix ID days days (%)
NaCl MgSO, NaCl MgSO,
CcC 97.48 97.15 2.45 2.32
MSGo.s 96.60 95.20 2.52 2.40
MSG, 96.65 95.70 2.58 2.52
MSG; s 97.90 96.50 2.85 278
MSG, 95.29 94.50 2.20 2.00
TaBLE 4: Impact energy of various mixes.
Number of blows (N) Impact energy (Nm)

Mix ID 28 days 56 days 28 days 56 days

First crack  Failure crack  First crack  Failure crack  First crack  Failure crack  First crack  Failure crack
CC 455 462 578 596 2040 2071 2591 2672
MSGy 5 467 478 586 602 2094 2143 2627 2699
MSG, 472 485 599 613 2116 2174 2685 2748
MSG, 5 488 493 610 621 2188 2210 2735 2784
MSG, 471 478 602 607 2112 2143 2699 2721
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FIGURE 10: Specimens tested against impact force.

5. Conclusion

The mechanical properties such as compressive strength,
split tensile strength, flexural strength, and impact energy
resistance and durability properties such as salt resistance
and sulphate resistance were demonstrated and the fol-
lowing conclusions are drawn:

(1) Ordinary Portland Cement replaced with 15% of
FELA has shown improved and excellent mechanical
and durability properties. Furthermore, it is ob-
served that chemical composition confirms the
feasibility of using FELA as mineral admixture in
concrete.

(2) Snake grass fibers, in addition to FELA concrete,
showed remarkable mechanical and impact resis-
tance properties. This can be attributed to the fact
that round morphological structure influenced and
improved strength properties which is confirmed by
microstructural study.

(3) It was observed that concrete with 1.5% of snake
grass fibers possessed higher strength and impact

workability and results in decrease in strength and
impact resistance property. The specimens with
15% of FELA and 1.5% of snake grass have dem-
onstrated better performance in terms of me-
chanical properties and impact energy and also have
better postcracking resistance than conventional
control mix.

(5) Regardless of durability properties, among all mixes,

MSG; 5 has demonstrated better strength and weight
retention against chloride and sulphate solution
attack. This can be attributed to the fact that concrete
with 1.5% addition of SG fibers showed denser effect
when compared to other mixes that would act as
barrier medium for penetration of chloride and
sulphate ions.

(6) From the test results, it was evident that concrete

made with Ficus exasperata Leaf Ash as a partial
replacement for cement showed better strength and
durability properties and it can be used for sus-
tainable construction practices.

energy than concrete containing 0.5% and 1% snake
grass fibers. 22.9% increase in compressive strength
was noticed in MSG, 5 when compared to conven-
tional control mix.

(4) There was a gradual decrease in strength and impact

energy when addition of snake grass fibers exceeded
1.5%. This can be attributed to the fact that when the
amount of fiber addition increases, it shows lesser
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To explore the influence of the applied axial compression ratio and preloaded axial compression ratio on the seismic performance
of unbonded prestressed concrete columns, pseudo-static tests were carried out on four prestressed columns and one ordinary
column in this study. The seismic performance indexes of test columns were studied and analyzed, including failure modes,
hysteresis curves, skeleton curves, stiffness, ductility, and energy dissipation. The test results show that compared with concrete
columns with ordinary reinforcement, the hysteresis curve of reinforced concrete columns with prestressed tendons has a pinch
phenomenon to a certain extent, and the energy dissipation performance becomes worse. For the prestressed columns, the greater
the applied axial compression ratio, the worse the fullness of hysteresis curves and the energy dissipation performance, the greater
the residual displacement, the faster the strength attenuation, and the worse the self-centering performance. For the posttensioned
unbonded prestressed concrete columns, the greater the preloaded axial compression ratio, the worse the energy dissipation
performance of the test column, the slower the strength attenuation, and the better the self-centering performance.

1. Introduction

The previous analysis of earthquake disasters has shown that
building structures after the earthquake can produce large
residual deformation. Many building structures are not
damaged but difficult to repair due to large residual dis-
placement and have to be demolished and rebuilt, resulting
in resource waste and property loss [1]. Therefore, the de-
velopment and research of a building with small residual
deformation after an earthquake are an important direction
of building development in the future [2-10]. At present, the
common methods to improve the self-resetting performance
of specimens are adding unbonded prestressed reinforce-
ment, adding viscous damper, setting unbonded high-
strength reinforcement, and so on. Unbonded prestressed
tendons are widely used because of their advantages of
convenient construction and low cost. The existing research
has shown that when unbonded prestressed tendons are
added to the ordinary reinforced concrete columns for
applying the prestress, the high-strength elastic recovery

characteristics of prestressed tendons can be used to ef-
fectively reduce the residual displacement of structures or
members and obtain good self-centering performance.
Roke [11] conducted the time history analysis of three
central braced frame structures with different positions of
prestressed tendons and found that this structure has a good
self-centering effect. Luo Haiyan [12] carried out compar-
ative tests of three concrete columns with unbonded par-
tially prestressed tendons and one concrete column with
ordinary reinforcement. It was found that the prestress level
has an important influence on the performance of the
specimens. Yang Yiming et al. [13] performed pseudo-static
tests of two RC frame column base joints equipped with
unbonded prestressed tendons and energy dissipation
damper. It was reported that the axial compression ratio has
an important impact on the seismic performance and self-
centering performance of RC frame column base joints.
Through the above research, it can be found that the axial
compression ratio is an important factor affecting the
seismic and self-centering performance of reinforced
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concrete frame columns. However, there is no research on
the specific influence law of the applied axial compression
ratio and preloaded axial compression ratio on their per-
formance. In this study, four concrete columns with post-
tensioned unbonded prestressed tendons and one ordinary
reinforced concrete column were designed at a reduced scale
of 1/2, and pseudo-static loading tests on these columns were
performed to analyze their energy dissipation performance,
strength attenuation, and self-centering performance.

2. Experimental Investigation

2.1. Description of Specimens. In this test, four concrete
columns with posttensioned unbonded prestressed tendons
(marked as PURC) and one ordinary reinforced concrete
column (marked as PTRC) were designed and fabricated in
the proportion of 1/2. The column height was 1200 mm, and
the section size was 300 mm x 300 mm. Table 1 and Table 2
show the axial compression ratio of the test piece, and
Figure 1 shows the size and reinforcement of the test piece.
The C40 concrete was used, and the measured compressive
strength of the cube was 44.5 MPa. The longitudinal main
reinforcement was HRB400 grade, with a diameter of
20 mm, the measured yield strength of 536.2 MPa, elonga-
tion of 19%, and elastic modulus of 2.00x10° MPa. The
stirrup was HPB300 grade, with the measured yield strength
of 371.0 MPa and elastic modulus of 2.10 x 10° MPa. In this
study, { = N,/ f.Aand n = N/f A, where  is the preloaded
axial compression ratio, # is the applied axial compression
ratio, N, is the axial pressure exerted by prestressed tendons,
N is the applied axial pressure, f_ is the design value of
concrete compressive strength, and A is the column section
area.

2.2. Prestressed Tendon Tensioning. To exert the prestress,
four ®°15.2 (f px =1860 N - mm~2) 1x7 steel strands were
uniformly arranged at the four corners of the column section
during the production of the column specimens. To ensure
the flatness of the upper and lower sides of specimens, one
end of the prestressed tendons was pretensioned at the
column top and embedded in the concrete. The steel strand
was covered with a thin steel pipe and fixed at the design
position through the perforated steel plate at the column top
and the column bottom to avoid the shift of the steel strand
during the pouring and vibrating of concrete. To obtain the
smooth bottom of test columns for the subsequent test, a
groove of 300 mm x 400 mm X 150 mm was reserved at the
bottom of the column during the fabrication for tensioning
and anchoring prestressed steel strand, and the single-hole
tool anchor was used.

The size of the prestressed members used in this test was
smaller than that in the actual project; moreover, the re-
duction in length can cause a large amount of prestress loss
[14]. To solve this problem, a support foot device developed
by the China University of Mining and Technology was used
to supplement the tension by the insert gasket [15]. Figure 2
shows the specific operation process, and Table 3 shows the
detailed tension control stress.

Advances in Civil Engineering

2.3. Loading Device and Loading System. The test was con-
ducted in Jiangsu Key Laboratory Environmental Impact
and Structural Safety in Engineering, China University of
Mining and Technology. The electrohydraulic servo loading
structure test machine was used for pseudo-static loading
under low-cycle repeated loading [16]. Figure 3 shows the
loading device. The vertical load was applied to the design
value through two hydraulic jacks at the top of the column,
and the horizontal load was applied by the actuator at the top
of the column.

The load-displacement control mode was adopted in the
loading process. The loading system was as follows: the yield
displacement A of each test column was obtained by the load
control with an increase of 10kN. After the test column
yielded, the loading was performed according to the con-
trolled displacement of 1A, 2A, 3A, and so on. Before the test
column yielded, load control and displacement control were
cycled once; after the test column yielded, displacement
control was loaded for three times at each level. When the
load dropped below 85% of the maximum load value, the
specimen was considered to be destroyed and the test was
terminated.

3. Experimental Phenomenon and Failure Mode

Figure 4 shows the final failure modes of test columns. The
loading failure process of test columns is described as
follows:

(1) Specimen PTRC-1. After formal loading, the test
column showed significant elastic characteristics
before yielding. When the horizontal force was ap-
plied to 56.8 kN, the first horizontal crack appeared
on the right side of the column 130 mm from the
base. When the controlled displacement was 18 mm,
cracks on the front and rear sides extended obliquely
and vertically, and multiple through cracks appeared
on the left and right sides. The through cracks were
clearly observed during the unloading. When the
controlled displacement was 27 mm, a small area of
damage was generated in the concrete of the column
corner, and vertical cracks appeared in the middle of
the left and right sides of the column body. The
specimen reached the limit state, and the horizontal
force had an extreme value (200.71 kN in the forward
direction and 173.20kN in the reverse direction).
When the controlled displacement was 54 mm, the
horizontal load dropped below 85% of the ultimate
load value. After the test termination, the failure
mode of the test column was mainly the flexural
shear failure, showing good ductility characteristics.

(2) Specimen PURC-1. After formal loading, when the
load was added to 59.3 kN, the first horizontal crack
appeared on the right side of the column 75mm
from the base. When the controlled displacement
was 18 mm, vertical cracks were gradually produced
in the bottom beam during the first cycle, and the
horizontal cracks continued to extend and develop.
When the controlled displacement was 27 mm, the
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TaBLE 1: Design parameters of specimens.

Specimen Section size Cslgzgriie Longitudinal Reinforcement Column Prestressed  Effective Sshzz;r
number mm X mm & reinforcement ratio p,/% stirrup tendons prestress p
grade ratio A
PTRC-1 300 x 300 C40 & 280 2.79 ®8@50/100 - - 3.5
8 s
PURC-1 300 x 300 C40 & 20 2.79 D8@50/100 40°15.2 0.65 fptk 3.5
8 s
PURC-2 300 x 300 C40 & 20 2.79 D8@50/100 40°15.2 0.65 fptk 3.5
8 s
PURC-3 300 x 300 C40 & 20 2.79 ®8@50/100 49°15.2 0.65 fou 35
8 s
PURC-4 300 x 300 C40 & 20 2.79 ®8@50/100 49°15.2 0.45 fouc 3.5
TaBLE 2: Axial compression ratios of specimens.
Specimen Axial compression ratio  Preloaded axial compression Applied axial compression  Applied axial compression
number n ratio ¢ ratio 5
PTRC-1 0.15 — 0.15 238.05
PURC-1 0.55 0.40 0.15 238.05
PURC-2 0.45 0.40 0.05 79.35
PURC-3 0.65 0.40 0.25 396.75
PURC-4 0.40 0.25 0.15 238.05
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F1GURE 1: Size and section reinforcement of test columns (mm).

specimen reached the limit state during the first
cycle, and the horizontal force had an extreme value
(201.06 kN in the forward direction and 195.19 kN in
the reverse direction). When the controlled dis-
placement was 54 mm, the horizontal load of the test
column dropped below 85% of the ultimate load, and
the test was terminated.

(3) Specimen PURC-2. After formal loading, when the
load was increased to 53.2KkN, the first horizontal
crack was produced at the connection between the
column body and the base. When the controlled
displacement was +27 mm, the cracks on the column
body were widened and the four cracks extended
vertically. During the cycle under the controlled

displacement of 30 mm, new cracks were no longer
generated and the load peak appeared (198.50 kN in
the forward direction and 203.57 kN in the reverse
direction). When the controlled displacement was
60 mm, the horizontal load of the test column
dropped below 85% of the ultimate load, and the test
was terminated.

(4) Specimen PURC-3. After formal loading, when the

load was added to 76.4 kN, multiple horizontal cracks
were generated on the right side of the column
50 mm, 150 mm, 250 mm, and 375 mm away from the
base. When the controlled displacement was +24 mm,
the vertical crack perpendicular to the horizontal
crack began to appear. When the controlled
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FIGURE 2: Insert gasket for tension supplement. (a) Insert gasket for tension supplement and (b) brace angle and gasket (c) after tension
supplement [15].

TasLE 3: Tensioning data of prestressed tendons.

Specimen No. PTRC-1 PURC-1 PURC-2 PURC-3 PURC-4
Prestress loss/(N - mm™2) — 60.06 60.06 60.06 50.82
Tension control force/ kN — 176.40 176.40 176.40 149.26

horizontal load of the test column dropped below
85% of the ultimate load, and the test was ended.

displacement was +32 mm, the specimen reached the
limit state during the first cycle, and the extreme value
of the horizontal force was obtained (211.16 kN in the
forward direction and 209.83kN in the reverse di-
rection). After that, the bearing capacity decreased 4. Experimental Results and Discussion
continuously with the failure of the specimen. When
the controlled displacement was 48 mm, the hori-
zontal load of the test column dropped below 85% of
the ultimate load, and the test was ended.

(5) Specimen PURC-4. After formal loading, when the

4.1. Hpysteresis Curves. The hysteresis curves of different
specimens are compared (Figure 5). It can be seen that:

(1) At the initial stage of loading, the hysteresis curve of
each specimen approximates a straight line, indi-

load was 59.3 kN, the first horizontal crack appeared
on the right cylindrical surface 160 mm away from
the base. When the controlled displacement was
27 mm, the new cracks were not generated. During
the first loading of 0—27mm, the load peak
appeared (192.14kN in the forward direction and
192.46 kN in the reverse direction), the concrete at
the column corner of the left foot began to crush, the
cracks developed vertically, and a main vertical crack
was formed in the middle of the left and right sides.
When the controlled displacement was 54 mm, the

cating that the specimen is in the elastic stage at this
time. With the increase in load and displacement, the
area of the hysteresis loop increases continuously,
and the hysteresis curve no longer grows as a straight
line. It indicates that the specimen enters the elastic-
plastic stage. After unloading, the residual dis-
placement increases, the plastic damage develops,
and the energy dissipation performance is improved.

(2) Hysteresis curves of PURC-1-PURC-4 and PTRC-1

are compared. It can be found that there is an ob-
vious pinch phenomenon in hysteresis curves of
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FIGURE 4: Failure modes of specimens. (a) PTRC-1. (b) PURC-1. (c) PURC-2. (d) PURC-3. (e¢) PURC-4.
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FIGURE 5: Hysteresis curves of specimens. (a) PTRC-1. (b) PURC-1. (c) PURC-2 and PURC-p3. (d) PURC-4.

specimens with posttensioned unbonded prestressed
tendons, and the peak load of these specimens is
increased by 5.97%, 7.53%, 12.59%, and 2.86%, re-
spectively. It shows that the addition of post-
tensioned unbonded prestressed tendons can reduce
the energy dissipation performance of concrete
columns, but cannot significantly improve their
bearing capacity.

(3) Hysteresis curves of PURC-2, PURC-1, and PURC-3

are compared. Under the same preloaded axial
compression ratio of specimens, when the applied
axial compression ratio increases from 0.05, 0.15, to
0.25, the fullness of hysteresis curve becomes worse,
the limit displacement becomes smaller, and the load
after yield decreases faster. It indicates that the en-
ergy dissipation performance of posttensioned
unbonded prestressed concrete columns becomes
worse with the increase in the applied axial com-
pression ratio.

(4) Hysteresis curves of PURC-1 and PURC-4 are

compared. Under the same applied axial compres-
sion ratio of the specimen, when the preloaded axial
compression ratio is 0.4 and 0.25, the fullness of the
hysteresis curve of PURC-4 is relatively good, and
the limit displacements of PURC-1 and PURC-4 are
similar. It indicates that the greater the preloaded
axial compression ratio, the lower the energy con-
sumption capacity of the specimen.

4.2. Skeleton Curves. Figure 6 shows skeleton curves of test
columns. The skeleton curves of test columns are compared.

(1) By comparing skeleton curves of PTRC-1 and

PURC-1, it is found that the rising section and falling
section of the skeleton curve of PTRC-1 are steep,
and the initial stiffness is large, while the falling
section of the curve of PURC-1 is relatively gentle.
This is because when the prestress is applied to the
test column, the column is compacted, which is
conducive to improve its stiffness. However, after the
peakload, the concrete damage is accelerated and the
bearing capacity is degraded rapidly due to the
pressure of prestressed tendons.

(2) By comparing the skeleton curves of PURC-1,

PURC-2, and PURC-3, it can be seen that the rising
and falling sections of the skeleton curve of PURC-3
are the steepest, with the largest initial stiffness and
the smallest ultimate displacement; the rising section
and the falling section of the skeleton curve of the
PURC-2 are the most gentle, with the smallest initial
stiffness and the largest limit displacement. It indi-
cates that the greater the applied axial compression
ratio, the smaller the ultimate displacement of the
posttensioned unbonded prestressed concrete col-
umn and the more significant the ductility reduction.

(3) By comparing the skeleton curves of PURC-1 and

PURC-4, it can be seen that the rising section of the
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FIGURE 6: Skeleton curves of specimens. (a) PTRC-1 and PURC-1. (b) PURC-1, PURC-2, and PURC-3. (c) PURC-1 and PURC-4.

skeleton curve of PURC-4 is relatively gentle, the
limit displacement is large, and its ductility is good.

4.3. Stiffness Degradation. Under the condition of pseudo-
static test, the stiffness degradation characteristics of
structures or members are usually characterized by loop
stiffness:

IV
] i’
X,

where K is the stiffness under the jth level load; Vi is the
average value of forward and reverse loads under the jth

1)

level load at the ith cycle; and A’ is the average value of
forward and reverse displacement under the jth level load at
the ith cycle. Figure 7 shows the skeleton curves of different
specimens.

As shown in Figure 7, it is concluded that

(1) The stiffness degradation curves of all specimens are
smooth without sudden change, indicating that the
damage of posttensioned unbonded prestressed
concrete develops stably under seismic load.

(2) Compared with ordinary reinforced concrete col-
umns, the columns with posttensioned unbonded
prestressed tendons present higher initial stiffness,
but rapid stiffness loss after loading. It suggests that
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FIGURE 7: Stiffness degradation curves of specimens.

the prestressing can accelerate the damage of
specimens.

(3) As shown in Figure 7(a), the effect of applied axial
pressure ratio on stiffness degradation is significant.
The greater the applied axial pressure ratio, the faster
the stiffness degradation. As shown in Figure 7(b),
the change in preloaded axial compression ratio
before the specimen yielding has little effect on the
stiffness degradation rate of the specimen; after the
specimen yielding, the stiffness degradation of the
specimen with a high preloaded axial compression
ratio is accelerated. It shows that the greater the
applied axial compression ratio, the faster the
damage of the specimen and the faster the stiffness
degradation. Besides, the preloaded axial compres-
sion ratio rarely affects the damage rate of the
specimen before yielding, but accelerates the damage
rate of the specimen after yielding and the stiffness
degradation is accelerated.

4.4. Bearing Capacity

4.4.1. Test Value of Bearing Capacity. Tables 4 and 5 show
the load, displacement, displacement angle, and displace-
ment ductility coefficient of different characteristic points of
the specimen. The yield displacement is obtained by the
energy method [17], and the ultimate load and displacement
are the corresponding load and displacement values when
the load drops to 85% of the peak load. The experimental
results show that

(1) By comparing the PTRC-1 with PURC-1-1 and
PURC-1-4, it can be found that the yield

displacement of concrete columns with unbonded
prestressed tendons increases, while the addition of
unbonded prestressed tendons rarely affects the peak
load, peak displacement, ultimate load, and ultimate
displacement. Compared with PTRC-1, the yield
displacement of PURC-1 and PURC-4 increases by
36.31% and 26.18%, respectively. The three speci-
mens enter the yield state at the displacement angle
of 1/37-1/36 and fail at the displacement angle of 1/
22-1/21. This is because for large eccentric com-
pression members, the reinforcement in the tensile
area first yields, and then, the concrete in the
compression area is damaged by compression, but
the existence of preload slows down the yield of
reinforcement in the tensile area, resulting in the
increase in yield load and displacement of the
specimen; however, after the specimen yields, the
prestressed tendons basically stop working. At this
time, the specimen can be approximately equivalent
to an ordinary reinforced concrete column. There-
fore, the peak load, peak displacement, ultimate load,
and ultimate displacement of PURC-1 and PURC-4
are not significantly different from those of PTRC-1.

(2) The test values of PURC-1, PURC-2, and PURC-3

are also analyzed. Compared with PURC-2, the yield
load of PURC-1 and PURC-3 increases by 19.39%
and 22.20%, and their yield displacement decreases
by 9.88% and 9.70%; the peak load of PURC-1 and
PURC-3 increases by 2.64% and 11.63%, and their
peak displacement decreases by 13.43% and 25.30%;
the ultimate load of PURC-1 and PURC-3 increases
by 3.71% and 10.19%, and their ultimate displace-
ment decreases by 12.57% and 17.52%, respectively.
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TaBLE 4: Ductility coeflicients of the specimens.
Specimen  Loadin Yield Yield Peak Peak Ultimate Ultimate Ductility Ductility
Npo direc tiO%l load displacement load displacement load displacement  coeflicient  coefficient
’ Py/kN A,/mm Py /KN Ap/mm P /kN A,/mm u=A,/A, average
gsz‘c"zﬁ 168.29 11.22 200.71 29.92 170.60 51.16 456
PTRC-1 Reverse 4.75
VS 16080 -1207 17320 -32.92 ~147.22 ~59.52 4.93
direction
gg?c"z(ri 178.26 15.73 201.06 25.00 170.90 53.84 322
PURC-1 Reverse 3.29
VRS 18898 -16.02  -19519  -3024 ~165.91 ~56.94 3.35
direction
gﬁre‘:’sfi 153.26 17.35 188.50 28.02 160.23 62.86 3.62
PURC-2 Reverse 3.60
R . —154.33 -17.89 —-193.57 —35.85 —164.53 -63.83 3.57
direction
gﬁ?cvt‘:éi 189.97 15.22 211.16 22.82 179.47 53.53 2.94
PURC-3 Reverse 2.92
. . —185.96 -16.59 -219.83 -24.90 -178.36 -50.97 2.90
direction
gﬁi‘z’t‘m 161.42 14.45 192.14 27.56 163.32 54.05 3.29
PURC-4 Reverse 3.41
. v . -163.77 —-14.94 -192.46 —34.99 -163.59 —59.57 3.52
direction
TABLE 5: Average value of load and displacement angle of specimens.
. . Average Average
Specimen Yield  Average yield Average  Average peak ultimate ultimate
P load displacement 6, =A /H peakload displacement 6, = A,/H . 0, =AJH
number P /KN A /mm Y y P, /KN A, /mm load displacement
y y b b P, /kN A,/mm
PTRC-1 164.55 11.65 1/99 186.96 31.42 1/37 158.91 55.34 1/21
PURC-1 183.62 15.88 1/72 198.13 27.62 1/42 168.41 55.39 1/21
PURC-2 153.80 17.62 1/65 193.04 31.94 1/36 162.38 63.35 1/18
PURC-3 187.97 15.91 1/68 215.50 23.86 1/48 178.92 52.25 1/22
PURC-4 162.60 14.70 1/69 192.30 31.28 1/37 163.46 56.81 1/20

It shows that under the same preloaded axial com-
pression ratio, the greater the applied axial com-
pression ratio, the greater the yield load, peak load,
and ultimate load, and the smaller the yield dis-
placement, peak displacement, and ultimate
displacement.

4.4.2. Bearing Capacity Attenuation. Under the control of
displacement amplitude at the same level, the bearing ca-
pacity of the specimen after yielding decreases with the
increase in loading times, which is called bearing capacity
attenuation. The bearing capacity attenuation ®; can be
expressed as follows:

(2)

where P;_; is the peak load value of the ith cycle under the jth
level displacement amplitude; P;_, is the peak load value of
the first cycle under the jth level displacement amplitude.

Figure 8 shows the strength attenuation of different speci-
mens. It can be found that:

(1) The strength attenuation of each specimen increases
with the increase in loading displacement; during the
same level displacement loading cycle, the attenua-
tion degree of the third loading is less than that of the
second loading.

(2) The average attenuation rates of PURC-1, PTRC-1,
PTRC-2, PTRC-3, and PTRC-4 before failure are
4.70%, 6.16%, 5.98%, 7.13%, and 7.46%; their max-
imum strength attenuation rates are 10.05%, 10.23%,
10.14%, 10.21%, and 11.93%, and the corresponding
displacement angles are 1/23, 1/29, 1/26, 1/26, and 1/
39, respectively. It can be found that the strength
attenuation of prestressed reinforced concrete col-
umns is faster than that of the ordinary columns.
Comparing PURC-1 and PURC-4, it can be found
that the average attenuation rate of PURC-4 is
21.10% higher than that of PURC-1, and the maxi-
mum attenuation rate of PURC-4 is 16.62% higher
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FIGURE 8: Strength attenuation of each specimen. (a) PTRC-1. (b) PURC-1. (c) PURC-2. (d) PURC-3. (e¢) PURC-4.

than that of PURC-1. It indicates that for the
specimen with a small preloaded axial compression
ratio, the faster the strength attenuation, the smaller
the maximum strength attenuation rate. This is
because during the loading process, with the increase
in displacement, the deformation of prestressed
tendons increases, and the preloaded axial pressure
gradually increases; for the specimens with a small
preloaded axial compression ratio, the prestressed
tendons quit work in the later stage. By comparing
PURC-1, PURC-2, and PURC-3, it can be found that
the greater the applied axial compression ratio, the
greater the strength attenuation rate and maximum
amplitude of the specimen.

4.5. Ductility and Energy Dissipation. Ductility refers to the
deformation capacity of a certain section of a structure or
component from the beginning of yield to the maximum
bearing capacity. The calculation equation of ductility is as
follows:

(3)

where u is ductility coefficient; A, is the ultimate dis-
placement of the structure or member under load; and A, is
the yield displacement of the structure or member under
load. The yield displacement is determined by the energy
method. Based on the test data and calculation results, the
ductility coefficient and displacement angle of each test

column are obtained, as shown in Tables 4 and 5, Table 4
shows the ductility coefficients of the specimens, and Table 5
shows the average value of load and displacement angle of
specimens. The energy dissipation performance can be
measured by the equivalent damping coefficient h,, and the
calculation results are shown in Figure 9.

As shown in Tables 4 and 5, the ductility of the column
with unbonded prestressed tendons is worse than that of an
ordinary reinforced concrete column. Through the data
comparison of PURC-1, PURC-2, and PURC-3, it can be
found that the greater the applied axial compression ratio,
the smaller the displacement ductility coefficient of the test
column; through the data comparison of PURC-1 and
PURC-4, it can be found that the larger the preloaded axial
compression ratio, the smaller the displacement ductility
coefficient of the test column.

As shown in Figure 9, the energy dissipation coefficient of
the column with unbonded prestressed tendons is less than that
of ordinary reinforced concrete column. It indicates that the
addition of prestressed tendons can lead to the deterioration of
the energy dissipation performance of the member. Regardless
of the axial compression ratio, the greater the loading dis-
placement of each test column, the greater the equivalent
damping coeflicient; the larger the applied axial compression
ratio and preloaded axial compression ratio of each test col-
umn, the smaller the equivalent damping coefficient. It shows
that the increase in the applied axial compression ratio and the
preloaded axial compression ratio leads to the deterioration of
the energy dissipation capacity of the column.
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FIGURE 9: Comparison of equivalent damping coefficients.

4.6. Self-Centering Performance. The self-centering perfor-
mance of a structure or member refers to its recovery
performance to the initial state after applying the load. To
intuitively reflect the self-centering performance of test
columns, the self-centering capability coefficient y is used,
and it can be calculated as follows:

y=1-— (4)

m

where p is the self-centering capability coefficient; A, is the

residual displacement of the structure or member after the

load; and A, is the maximum displacement of the structure

or member under load. Figure 10 shows the changing curve

of the self-centering capability coefficient of test columns.
As shown in Figure 10, it is concluded that

(1) The concrete column with unbonded prestressed
tendons has a large self-centering capability coeffi-
cient and strong self-centering performance, which
can reduce the residual displacement of the test
column. When the loading displacement is +54 mm,
the residual displacement of PURC-1 is 34.10% less
than that of PTRC-1, and the reduction capacity
coefficient of PURC-1 is 1.3 times larger than that of
PTRC-1.

(2) When the displacement is small, the self-centering
capability coefficient of the specimen is relatively
stable with a small changing trend, and the self-
centering capability curve is basically parallel to the
x-axis. When the loading displacement increases, the
self-centering capability coefficient of the test

column decreases gradually. The greater the loading
displacement, the faster the reduction in the self-
centering capability coefficient.

(3) At the beginning of loading, the larger the applied

axial pressure ratio of the test column, the larger the
initial self-centering capability coefficient. However,
with the increase in the loading displacement, the
decline rate of the self-centering capability coefficient
accelerates, the changing curve of the self-centering
capability coeflicient becomes steeper and steeper,
and the self-centering capability coeflicient of the
column with a large applied axial pressure ratio is
gradually smaller than that of the column with a
small applied axial pressure ratio. It shows that the
excessive applied axial compression ratio is not
conducive to maintain the self-centering perfor-
mance of prestressed concrete columns after dam-
age. This is because the restoring force of the test
column is provided by the prestressed tendons and
the main reinforcement. The greater the applied axial
pressure ratio, the more work the restoring force
needs to overcome the axial pressure in the process
of specimen recovery.

(4) The larger the preloaded axial compression ratio, the

smaller the residual displacement of the test column,
and the larger the self-centering capability coefhi-
cient. This is because the greater the prestress, the
greater the restoring force provided. Besides, the
preloaded axial compression ratio has little effect on
the reduction rate of the self-centering coefficient of
the test column.
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FIGURE 10: Self-centering capability coefficient of specimens. Note. (a) and (b) present the self-centering capability coefficients of specimens
under the forward loading; (c) and (d) present the self-centering capability coefficients of specimens under the reverse loading.

5. Conclusion

In this test, the low-cycle repeated loading tests were con-
ducted on one ordinary reinforced concrete column and
four reinforced concrete columns with posttensioned
unbonded prestressed tendons under different axial com-
pression ratios. The conclusions are obtained as follows:

(1) Adding posttensioned unbonded prestressed ten-
dons to ordinary reinforced concrete columns can
lead to poor energy dissipation performance, but it
can effectively improve the  self-centering

performance of the test columns and reduce the
residual displacement of the columns.

(2) Axial compression ratio is an important factor af-
fecting the seismic performance of test columns.
With the increase in the applied axial compression
ratio, the bearing capacity and initial stiffness of the
column increase, but the ductility and energy dis-
sipation performance become worse, and the stiff-
ness and bearing capacity decay faster. The increase
in the preloaded axial compression ratio can dete-
riorate the ductility and energy dissipation
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performance of columns, but rarely affects the
bearing capacity of columns. Besides, the increase in
the preloaded axial compression ratio can reduce the
attenuation rate of bearing capacity.

(3) The elastic displacement angle of each test column is
between 1/21 and 1/18, which meets the design re-
quirement that the displacement angle between
elastic-plastic layers is not less than 1/50 under rare
earthquake action. It indicates that the posttensioned
unbonded prestressed concrete column has good
collapse resistance.

(4) The average strength attenuation rate of each test
column under all levels of loading displacement
amplitude is not more than 8%, and the maximum
strength attenuation rate is not more than 12%. It
indicates that the posttensioned unbonded pre-
stressed concrete column has good seismic bearing
capacity under earthquake.

(5) The axial compression ratio has an important in-
fluence on the self-centering performance of post-
tensioned unbonded prestressed concrete columns.
The larger the applied axial pressure ratio, the better
the initial self-centering performance of the column,
but the faster the self-centering performance at-
tenuation in the later stage of loading, the worse the
self-centering performance. The greater the pre-
loaded axial compression ratio, the better the self-
centering performance of the column. Besides, the
preloaded axial compression ratio has no significant
effect on the attenuation rate of self-centering
performance.
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In this paper, an investigation on the behaviour of RC beams with circular openings in the flexural zone and shear zone
strengthened using steel plates is presented. Totally seven beams were cast: a control beam, one beam with a circular opening of
size of one-third the depth of the beam (100 mm¢) in the flexural zone, one beam with opening strengthened using the steel plate,
one beam with a circular opening of size of 100 mm¢ in the shear zone, one beam with an opening in the shear zone strengthened
using the steel plate, one beam with two circular openings of size of 100 mm¢ in the shear zone, and another beam with two
openings in the shear zone strengthened using the steel plate. The experiments were conducted in a loading frame of 400 kN
capacity. The beams were subjected to two-point loading. The ultimate load carrying capacity reduced marginally by 1.78% and
2.8% compared to that of the control beam when a circular opening of 100 mm¢ was provided in the flexural zone and shear zone,
respectively, and when the opening was strengthened with steel plates, it reduced by 3.04% and 25%, respectively, but the ductility
increased when steel plates were provided. Beams with an opening of size of one-third the depth of the beam (100 mm¢) in the
flexural zone strengthened with the steel plate can be provided, as the load carrying capacity is only marginally reduced compared

to the control beam, and the ductility is more when compared with beams with unstrengthened openings.

1. Introduction

In high-rise framed structures, providing service ducts is
necessary for various purposes. If the ducts placed under the
beams are covered by a false ceiling, the height of each floor
increases, resulting in a considerable increase of the total
height. The service ducts are provided through openings in
RC beams. As a result, the stiffness decreases, which reduces
the load carrying capacity and causes excessive deflection
under the service load. Many researchers have studied the
strengthening of RC beam with openings which increased
the load capacity effectively. In order to enhance the shear
capacity and regain the strength of the beams with openings,
numerous strengthening techniques were suggested. FRP

can play a key part in reinforcing and strengthening the
structures. The reinforced concrete beams with openings can
be strengthened by CFRP sheets, GFRP sheets, laminates,
rods, fabrics, and so forth with different strengthening
schemes. The load carrying capacity of the reinforced
concrete beams with openings increases when strengthened
externally with CFRP sheets in RC T-section deep beams [1],
fibre reinforced polymer sheets in RC beams [2], unidi-
rectional CFRP fabrics in RC T-beams [3], and NSM (near
surface mounted) GFRP rods saturated with epoxy in RC
self-compacting concrete deep beams [4]. CFRP laminates
fully wrapped around the openings in RC beams with large
openings [5], CFRP and GFRP sheets both around and
inside the opening [6], CFRP strips with different
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orientation and axis in RC deep beams [7], inclined and
vertical configurations of bonding steel plate in beams with
circular opening at the shear zone [8], and end anchor
system with epoxy [9] are used. The reinforced concrete
beam with openings strengthened by CFRP laminates at the
flexural region increases the stiffness of beam [9]. Fibre
reinforced concrete beams with opening indicate that the
location of opening, web reinforcement, and fibre content
affect the shear strength, tensile strength, and the behaviour
of deep beams [10]. The FRC specimens with strengthened
boundaries attain higher strength compared to the design
load and exhibit ductile failure [11]. The shear capacity of the
beam increases when the openings are strengthened with
mild steel strips that are 3 mm thick in reinforced concrete
T-beams. The beam deflection significantly reduced in RC
beams, when inclined and vertical configurations of bonding
steel plate were used for strengthening the circular opening
at the shear zone [8] and the CFRP sheets were used in the
openings [2]. The midspan deflection at the initial stage is
not affected by the size of the openings but the formation of
diagonal cracks near the opening affects the beam [12].

The strengthening techniques that are very effective in
preventing and controlling the formation of cracks around
the opening in reinforced concrete beams with openings are
externally installed FRP rods placed diagonally in full length
[13], strengthening with fibre reinforced polymer sheets,
strengthening with glass fibre reinforced polymer wrapping
around the opening [14], and strengthening by CFRP strips
with different orientation [7].

Shear compression failure occurs in RC T-section deep
beams strengthened externally with CFRP sheets due to
partial elimination of CFRP sheets and U-wrapped an-
chorage CFRP sheets [15]. The steel fibre reinforced concrete
beams with openings and high moment-to-shear ratio
demonstrate ductile behaviour. The beams with low mo-
ment-to-shear ratio fail due to shear cracking [16]. Steel fibre
reinforced concrete deep beams with large openings and the
boundary regions near the supports of specimens
strengthened with steel cages formed by steel reinforced bars
exhibit a ductile mode of failure [17]. Strengthening using
the inclined configuration of the bonding steel plate instead
of the vertical configuration in RC beams with circular
opening at the shear zone changes the mode of failure from
shear mode to flexural mode. The FRC specimens with
strengthened boundaries exhibit ductile failure [11]. Sudden
failure due to the formation of diagonal shear cracks in the
top and bottom chords of the opening and detachment of
CFRP wrapper from the concrete surface occur in reinforced
concrete deep beams with openings strengthened by CFRP
sheets [18].

Many retrofitting techniques are used in reinforced
concrete beams without openings. Few of them are discussed
and they can be used for reinforced concrete beams with
openings in the future. A relatively thin reinforced U-shaped
concrete jacket made of self-compacting concrete to repair
the shear damaged RC beams restores the load carrying
capacity with respect to the initial samples, enhances the
overall structural performance, and alters their failure mode
to a more ductile one. Jacketed beams exhibit pure flexural
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and enhanced ductile behaviour, whereas the corresponding
initially tested beams demonstrate typical brittle shear re-
sponse [19]. Another study presents a simpler approach for
analysing the interface slippage distribution for jacketed RC
beams that can be manipulated by engineers to accurately
plot the load-deflection curves of jacketed RC beams taking
into account slip impact [20]. A new retrofitting technique to
upgrade the structural behaviour of shear-critical rectan-
gular and T-shaped reinforced concrete (RC) deep beams
without steel stirrups using CFRP ropes as shear rein-
forcement exhibits increased capacity and significant im-
provement in the overall behaviour compared to the control
beams. The catastrophic brittle failure of the beams is
prevented by altering the shear failure to a ductile flexural
one [21]. The repair of heavily damaged shear-critical
reinforced concrete beams jacketed with mild steel small
diameter U-shaped transverse stirrups examined experi-
mentally in thin, U-shaped cement mortar jacketing showed
reduced brittleness and increased deflections at failure up to
six times compared to the initially tested specimens and can
alter the failure mode from brittle shear to ductile flexural
under certain circumstances [22]. The beam retrofitting
technique by injecting grout infilled prefabricated fibre
reinforced polymer (FRP) jacket is better to repair flexural
components with damage on the top rather than at the
bottom of the member [23]. A promising strengthening
approach is the application of externally bonded fibre
reinforced polymer (EB-FRP) as a shear transverse en-
hancement used in vulnerable reinforced concrete (RC)
beams [15]. U-jacketing in shear-critical T-beams seems to
undergo premature debonding failures, resulting in signif-
icant reduction of the predictable strength. Strengthening
RC beams with the U-jacketing technique using galvanised
welded steel wire mesh (SWM) and thin self-compacting
concrete layer is one of the most recent techniques. It is
found that the utilisation of SWM has a significant influence
on ductility [24]. A reinforced concrete shear-critical beam
with continuous rectangular spiral reinforcement as trans-
verse reinforcement enhances the bearing capacity and
improves the shear performance. An advanced rectangular
spiral reinforcement with inclined vertical links as shear
reinforcement improves the postpeak deformation ductility
compared to the control beams [25].

Numerical analysis using 3D finite element (FE) mod-
elling can be used as an engineering tool, as accurate results
can be obtained in a relatively short time. A smeared crack
model for the postcracking behaviour of slender and deep
flexural and shear-critical steel fibre reinforced concrete
(SFRC) beams under tension, using the fracture charac-
teristics of the composite material, accurately predicts the
load versus deformation cyclic envelope and the influence of
the fibres on the overall hysteretic performance [26]. A new
constitutive hypoelastic-brittle model of concrete based on
the smeared cracking approach and a method including the
tension stiffening effect in connection with the bond
properties between concrete and steel (TS) are developed,
which accurately predict the ultimate load capacity [27]. A
parametric study on reinforced concrete beams with
openings in the shear zone strengthened using orthotropic
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CFRP analysed by finite element method (ANSYS9) taking the
maximum strain values for concrete and steel at failure loads of
different opening sizes shows that the proposed model is ef-
ficient [28]. The brittle crack model offers an approximate but
reliable way for modelling of concrete. The FE simulation
(ABAQUS) results are favourable when compared to those
observed in experiments. A study was performed by beams
with spiral reinforcement under monotonic loading. However,
these beams showed a rather ductile response, whereas the
other beams showed brittle shear failure [29].

The literatures pertaining to the repair and retrofitting of
reinforced concrete beams, deep beams, and strengthening
of reinforced concrete beams with openings using different
techniques like steel fibres, FRP, CFRP, GFRP, stirrups, and
the finite element modelling of reinforced concrete beams
with openings and their comparison with the experimental
investigation are reviewed. All the strengthening methods
are practically very difficult, very expensive, and time
consuming and require interruption of use of the structure,
while works are being carried out. Hence, there is an urgent
need for the development of an improved, low cost, less
disruptive technique, which makes the necessary strength-
ening of structures economically viable.

Almost all the researchers investigated about the external
reinforcement or externally strengthened beams with openings.
Some literatures discuss the use of steel plates placed externally
in the form of strips to strengthen the beams with openings.
Hence, strengthening to the openings in reinforced concrete
beams with steel plates kept inside the openings during casting
and connected using shear connectors was proposed.

No research has been conducted on RC beams with
circular openings strengthened using steel plates in the
flexural zone and shear zone and such beams are investigated
to study their behaviour with respect to the ultimate load
capacity, load-deflection behaviour, and the mode of failure.

Besides, there is no proper finite element analysis carried
out on strengthened beams with openings. Therefore, this
paper presents the finite element modelling of beams with
openings strengthened with steel plates kept inside the
openings using ABAQUS software.

A new method has been developed for strengthening the
RC beams with circular openings in the flexural zone and
shear zone using steel plates connected using shear con-
nectors around the openings placed during casting of the
beam. The use of steel plates around the openings for
strengthening the RC beams with circular openings has not
been reported so far. The outcome of this work represents
promising data for further studies to be conducted in large
scale to improve the load capacity of the RC beams with
openings in construction works.

2. Experimental Investigations

2.1. Materials. In this study, cement OPC (grade no.53)
meeting the requirements of IS 12269 and having specific
gravity of 3.15 was used. The fine aggregate used in the
concrete mix was M sand. Blue granite crushed stone ag-
gregates of 20 mm size were used as coarse aggregate. Po-
table water without any suspended particles and impurities

was used for the purpose of mixing of concrete. The me-
chanical properties such as specific gravity of the materials
and gradation of soil were found out conducting the specific
gravity test and the sieve analysis. The most commonly used
grade of concrete in construction M20 grade concrete and Fe
415 steel were used. The mix design of concrete was carried
out as per IS code 10262.

2.2. Test Specimen Details. In this experimental programme,
totally seven beams were cast with the same cross section
which included a control beam, one beam with circular
opening of size of one-third the depth of the beam (100 mm¢)
in the flexural zone, one beam with opening (100 mm¢)
strengthened using steel plate, one beam with an opening
(100mm¢) in the shear zone, one beam with an opening
(100 mmg¢) in the shear zone strengthened using steel plate,
one beam with two openings of size of 100 mm¢ in the shear
zone, and one beam with two openings (100 mm¢) in the
shear zone strengthened using steel plate. The test specimens
were of rectangular cross section having the dimensions of
150 mm width, 300 mm depth, and 2000 mm length tested
under two-point loading. Each beam had a longitudinal re-
inforcement of 3 numbers of 12 mm dia. bars at the bottom, 2
numbers of 10 mm dia. bars at the top, and 8 mm dia. stirrups
at 200mm centre to centre spacing used as shear rein-
forcement. The reinforcement details of the test specimens are
shown in Figure 1. 4mm thick steel plates with shear con-
nectors were used for strengthening the opening region. The
circular opening was created by a circular steel plate inserted
in the beam before casting of concrete. The details of the test
specimens are shown in Table 1. Figure 2 shows the moulding,
casting, and curing of beam specimens.

2.3. Test Setup. The test setup consists of a loading frame of
400 kN capacity with a hydraulic jack and a strain indicator.
The edges of the beams were simply supported on roller
supports placed 100 mm away from the face of the support.
The beams were subjected to two concentrated static loads
and subsequently increased till fajlure. Instrumentation in-
cluded linear variable differential transducers (LVDT) with
0.01 mm accuracy for deflection measurement at the midspan
of the beam and at 2 positions at a distance of 400 mm from
the midspan on either side. The load was measured by a load
cell with 0.05kN accuracy attached to the hydraulic jack and
used for the measurement of applied loads. The load and
corresponding deflection measurements were recorded
continuously during the performed tests. The strain gauges
were placed at the midspan and around the openings to
measure the strains in the beams. Figure 3 shows the sche-
matic diagram of the test setup. The test setup for the rein-
forced concrete beam without openings is shown in Figure 4.

3. Results and Discussion

3.1. Effect of Providing the Circular Opening with and without
the Steel Plate in Beams on the Load-Deflection Behaviour.
The load-deflection behaviour of control beam and beams
with openings of 100mm ¢ (D/3 size) strengthened with
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FIGURE 1: Reinforcement details of the beam with a circular opening.

TABLE 1: Details of beam specimens.

S. no. Specimen details Name of the specimen Opening size
1 Control beam CB —

2 Beam with an opening at the flexural zone BCOF 100 mm

3 Beam with an opening at the shear zone BCOS1 100 mm

4 Beam with 2 openings at the shear zone BCOS2 100 mm

5 Beam with an opening at the flexural zone (strengthened by the steel plate) BCESP 100 mm

6 Beam with an opening at the shear zone (strengthened by the steel plate) BCSSP1 100 mm

7 Beam with 2 openings at the shear zone (strengthened by the steel plate) BCSSP2 100 mm

()

FI1GURE 2: Moulding, casting, and curing of beams. (a) Reinforcement detailing with steel plates for strengthening the opening, casting, and
curing. (b) Cast beam specimens with an opening.
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FIGURE 3: Test setup of the beams.

FIGURE 4: Test setup of the control beam.

steel plates in the flexural and shear zones is shown in
Figure 5.

From Figure 5, it can be seen that the beams with openings
when strengthened with steel plates exhibit more ductility and
the load capacity of beams with opening (100 mm ) in the
flexural and shear zones was higher compared to beams
strengthened with steel plates but the ductility was less.

3.2. Effect of Providing the Circular Opening in the Flexural
Zone and Shear Zone of the Beam. The load versus deflection
behaviour of the beams with opening (100 mm¢) in the
flexural and shear zones is shown in Figure 6. When 2
circular openings of 100 mm¢ were provided near the
supports, the ultimate load was reduced by 13.2% compared
to the control beam, whereas provision of a small opening in
the flexural zone as well as an opening in the shear zone
marginally decreased the ultimate load.

The ultimate loads, crack load, and deflection of the
control beam and RC beams having opening (100 mm¢) are
shown in Table 2.

3.3. Effect of Providing the Circular Opening with the Steel Plate
in the Flexural Zone and Shear Zone. The control beam
carries an ultimate load of 151.5kN and the maximum
deflection is 21 mm. Figure 7 shows the load versus de-
flection behaviour of beams with opening (100 mm¢) in the
flexural and shear zones with steel plates. The beams with
steel plates did not fail in a brittle manner. The beam BCFSP
showed a marginal reduction in the load capacity compared
to control beam and the ductility is more when compared
with other beams with unstrengthened openings.

3.4. Effect of Providing the Steel Plate in the Opening
(100 mm¢) Provided at the Midspan (Flexural Zone) of the
Beam. The load-deflection behaviour of beams with

Load (kN)

0# : : : : : :
0 5 10 15 20 25 30

Deflection (mm)

+ Control Beam » BCSSP1
= BCOF o BCOS2
+ BCFSP x BCSSP2
o BCOS1

FIGURE 5: Load versus deflection behaviour of beams with the
opening (100mm¢) in the flexural and shear zones with and
without steel plates.
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FiGure 6: Load versus deflection behaviour of beams with the
opening (100 mm¢) in the flexural and shear zones.

opening (100 mm¢) at the midspan (flexural zone)
strengthened with steel plate is shown in Figure 8. The
ultimate load of beam BCOF is 148.8kN and, in beam
BCFSP, when the opening was strengthened using steel
plate, the ultimate load is 146.9 kN. When a circular opening
of 100mm¢ was provided at the flexural zone, for beam
BCOF, the ultimate load reduced marginally (1.78%)
compared to control beam and, for beam BCFSP, it reduced
by 3.04%.

3.5. Effect of Providing the Steel Plate in the Opening
(100 mm¢) Provided at the Shear Zone. The ultimate load of
beam with opening (100 mm¢) at the shear zone strength-
ened with steel plate was reduced by 1.26% compared to the
beam without strengthening because of the formation of
cracks in the flexural zone due to the provision of steel plate
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TaBLE 2: Load and deflection results.
S. no. Beam description Crack load (kN) Ultimate load (kN) Deflection (mm)
1 Control beam (CB) 345 151.5 21
2 BCOF 41.8 148.8 12.7
3 BCESP 37.2 146.9 15.9
4 BCOS1 29.5 150.1 17
5 BCSSP1 22.1 114.2 17.2
6 BCOS2 29.8 131.5 15.7
7 BCSSP2 21.7 115.1 15.6
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FIGURE 7: Load versus deflection behaviour of beams with the
opening (100 mm¢) in the flexural and shear zones strengthened
with the steel plate.
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FiGure 8: Load versus deflection behaviour of beams with the
opening (100 mmg¢) provided at the midspan (flexural zone) of the
beam.

around the opening at the shear zone. Figure 9 shows the
load versus deflection behaviour of beams with an opening
(100 mm¢) in the shear zone with steel plates. The ultimate
load of the beam with opening (100 mm¢) near the support
(BCOS1) was 147.2kN and when the opening was
strengthened using steel plate (BCSSP1), the ultimate load
was 113.5kN. The ultimate load reduced marginally by 2.8%
for beam BCOSI and reduced by 25% when the opening was

Deflection (mm)

+ Control Beam
o BCOS1
A BCSSP1

FIGURE 9: Load versus deflection behaviour of beams with the
opening (100 mm¢) provided at the shear zone with steel plates.

strengthened with steel plates, compared to the control
beam. The ultimate load reduced marginally by 23% for
beam BCSSP1 compared to the beam without strengthening
as flexural cracks were formed earlier at the midspan due to
strengthening of the openings in the shear zone.

3.6. Effect of Providing the Steel Plate for 2 Circular Openings
(100 mm¢) Provided at the Shear Zone of the Beam. The
ultimate load of the beam with 2 openings (100 mm¢) near
the support (BCOS2) is 131.5kN and, for beam BCSSP2, the
ultimate load is 115.1 kN. Figure 10 shows the load versus
deflection behaviour of beams BCOS2 and BCSSP2.
When 2 circular openings of 100 mm¢ were provided in
the shear zone, the ultimate load reduced by 13.2% com-
pared to the control beam and when the openings were
strengthened with steel plates, it was reduced by 24% be-
cause flexural cracks were formed in the flexural zone.
When steel plates were provided around the openings in
the shear zone, the diagonal shear cracks around the openings
reduced to a larger extent and the flexural cracks appeared. The
load carrying capacity of the beam reduced due to the earlier
formation of flexural cracks but the ductility of the beams
increases when steel plates are provided around the openings.

3.7. Failure Patterns of the Control Beam, BCOF, and BCFSP.
Two modes of failure were observed in the tested beam
specimens. The first mode is a diagonal breakup that hap-
pens when the diagonal crack originates from the opening
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FiGure 10: Load versus deflection behaviour of beams BCOS2 and
BCSSP2.

corners and spreads in the direction of the load and support
provided. The second mode is the shear compressive failure
that occurs when the diagonal fracture is formed in the shear
span, leading to excessive tension in the openings.

Figures 11 and 12 show the failure pattern of the control
beam and the beam BCOF, respectively. The flexural cracks
were formed first in the tension zone at a load of 34.5kN for
control beam and 41.8kN for BCOF and propagated
vertically.

Figure 13 shows the failure pattern of the beam BCFSP.
For the beam BCEFSP, the first crack appeared in the tension
zone at a load of 37.2kN. Steel plates provided around the
openings resist the concentration of stress at the sides of the
openings leading to reduction in crack formation in the
flexural zone. However, diagonal shear cracks were formed
in the shear zone because the flexural zone was strengthened
using steel plate.

3.8. Failure Pattern of Beams BCOS1 and BCSSPI1. The first
crack appeared in the tension zone at a load of 23.5kN for
BCOS1 and diagonal shear cracks were noticed on the sides
of the opening as shown in Figure 14. For the beam BCSSP1,
when the opening was strengthened with steel plate in the
shear zone, the first crack appeared in the tension zone at a
load of 22.1 kN and flexural cracks occurred in the beam as
shown in Figure 14, which resulted in considerable reduc-
tion in the load carrying capacity. There was a considerable
reduction of diagonal cracks around the openings when the
opening was strengthened in the shear zone using steel plate.

3.9. Modelling and Analysis of Beams with Circular Openings.
The FEM package ABAQUS was used to create the models of
the tested specimens. A nonlinear 3D FE analysis has been
performed to predict the response of RC beams with circular
openings in the flexural and shear zones subjected to static
loading.

Concrete was assumed to be homogeneous and isotro-
pic. Eight-node isoparametric element was used for ideal-
isation of concrete. The reinforcement was represented by
two-node truss element.

This model uses the fracture characteristics of the ma-
terial taking into account the constitutive laws. The con-
stitutive model used for concrete is formulated for stress and
strain increments and it can be considered as a hypoelastic-
brittle model proposed to characterise concrete deform-
ability. The constitutive model used for steel is generalised
elastic-plastic with tension stiffening effect. At first, the beam
was modelled as a 3D deformable model. The element type
used to model concrete was solid continuum, 3-dimensional,
8-node C3D8 element. Then the longitudinal reinforcement
was also modelled as a 3D deformable model using simple
truss elements. The 3-dimensional 2-node truss elements
(T3D2) were selected for the simulation of main rein-
forcement (longitudinal steel bars) and transverse rein-
forcement (stirrups). The top reinforcement 2 nos. of
Y10 bars, bottom reinforcement 3 nos. of Y12 bars, and the
6mm dia. stirrups were also modelled using the 3D truss
element. The steel plates were modelled as the 3D de-
formable shell element.

The material properties employed in the model are
defined in ABAQUS, such as the properties of concrete and
steel reinforcement. The ABAQUS model of concrete mainly
consists of two material modelling techniques, concrete
damaged plasticity (CDP) model and concrete smeared
cracking. For plain and reinforced concrete models, both can
be employed. In this work, the plasticity model for concrete
damage is utilised to simulate the concrete.

The material properties were defined in the beam
models. For concrete, the mass density, Young’s modulus,
and Poisson’s ratio values were assigned. The values of the
steel modulus of elasticity Es, yield stress, corresponding
plastic strain, and Poisson’s ratio were also used in the FE
analysis according to the test data of the steel reinforcement.
Modelling of steel reinforcement such as stirrups and steel
longitudinal bars was done taking the modulus of elasticity
and Poisson’s ratio as 200 x 10° MPa and 0.3, respectively.
The yield stress “fy” and the ultimate stress “fu” are defined
in the model. The steel plates and supporting plates are
designed as linear isotropic material with the elasticity
modulus of steel equivalent to 200 x 10> MPa. The thickness
of the steel plate was assigned. A section was created for
every part given in the model, the profile names were given,
and the material names were assigned.

3.9.1. Boundary Conditions. Every element’s node has three
degrees of freedom with x, y, and z (global coordinate
system) translation. The supports were positioned at a
particular distance from each edge and the edges remained
free. The boundary conditions were taken as one end roller
supported and another end simply supported. Concerning
the boundary conditions for the supports, a line of nodes was
constrained in the Ux, Uy, and Uz directions at the left side
while at the right support, the translation in the X and Y
directions was limited and hence functions as a roller.
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FIGURE 12: Failure pattern of beam BCOF.

FIGURE 13: Failure pattern of beam BCFSP.

3.9.2. Modelling of Interfaces. In order to ensure the correct
interfacial activity between the two different surfaces con-
crete and steel plate, the interfacial element is employed.
Embedded contact is regarded for the interaction between
reinforcement and concrete. The bond between reinforce-
ment and concrete is modelled using the embedded option,
the ABAQUS feature “truss in solid” for which solid and
truss element nodes do not have to be in the same location.
Hence, regular and coarse meshes can be used in the
analysis.

Normally, the mesh size is taken in proportion to the
aggregate size. Meshing depends on the type of element. The
mesh was taken as 10 mm for the reinforcement bars as the
element part was small and for beams, the bigger solid el-
ement, the mesh size adopted was 20mm for the solid
element.

Every part in the model was assembled, the type of
analysis was taken as static and the increments and the loads
as mechanical and the load type as pressure were assigned.
The data are checked for error and finally submitted for
analysis. Using this model, the failure pattern of the beam
with openings and the deflection values were obtained.

The modes of failure observed in the models of the beam
specimens are diagonal crack which originates from the
opening and spreads in the direction of the load and flexural
failure in the tension zone of the beam models. Figure 15
shows the simulation of FE models for steel reinforcement
and steel plates in the models using the FE software
ABAQUS, the deflection pattern and the failure pattern of
the control beam, and the beams with circular opening in the
flexural zone and the shear zone.

The analytical loads, analytical deflection, experimental
deflection, and ratio of analytical and experimental deflec-
tion of the control beam and RC beams having opening
(100 mm¢) are shown in Table 3.

The finite element results demonstrate that the beam’s
actual behaviour is observed in the finite element models.
Furthermore, the results show that the experimental beams
can anticipate likely fractures occurring in the FE model to a
high degree of accuracy. In addition, comparison of the
experimental and the numerical results shows that, in both
linear and nonlinear parts of the behaviour, the numerical
models with strengthened openings are stiffer than the tested
beams with strengthened openings. There is a good
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FIGURE 14: Failure pattern of beams (a) BCOS1 and (b) BCSSP1.
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FIGURE 15: Analytical modelling of beams with circular openings in the flexural and shear zone. (a) Model with load points and
supports. (b) Meshed model. (c) Reinforcement model of beam BCESP. (d) Reinforcement model of beam BCOS1. (e) Deflection
pattern for the control beam. (f) Deflection pattern for beam BCOS2. (g) Failure pattern for beam BCOS2. (h) Failure pattern for
beam BCOF.

TaBLE 3: Comparison of analytical and experimental deflection.

S. no. Beam description Load Pppal. Analytical deflection nal. (mm) Exper. deflection Ogyp. (mm)) Ratio of §xnal/Opxp
1 CB 151.1 18.5 21 0.88
2 BCOF 148.8 13.3 12.7 1.05
3 BCFSP 146.9 14.1 15.9 0.89
4 BCOS1 147.2 17.15 16.9 1.02
5 BCSSP1 114.5 16.65 16.2 1.03
6 BCOS2 131.5 15.13 15.7 0.96
7 BCSSP2 115.1 14.75 15.6 0.95

agreement between the experimental and analytical models
which allows the use of the finite element models for
parametric studies related to beams with openings.

3.9.3. Effect of Providing Steel Plates around the Opening.
Generally steel plates enhance the beam capacity. Earlier,
when the experiments were conducted in beams using river
sand, having circular opening strengthened using steel
plates, an increase in the load capacity of 1.4 times and 70%
was observed when two openings were provided in the shear
zone and one opening was provided in the flexural zone,
respectively, compared to the unstrengthened beams. When
M sand was used instead of river sand, the first flexural crack
occurred earlier, and the failure loads were reduced for the
beams with circular openings in the shear zone strengthened
using steel plates when compared to beams with

unstrengthened openings in the shear zone. This may be due
to M sand which was attributed to the earlier cracking of the
beam in the flexural zone and caused the reduction in the
load bearing capacity of the beam strengthened with steel
plates. When the number of openings is raised from one to
two as well, further reduction in the load carrying capacity
was observed. However, steel plates improved the ductility of
the beams before failure of the beams. The location of the
opening affects the strength of the member to a greater
extent.

This leads to the conclusion that the beams with circular
opening of size of one-third the depth of the beam
(100 mm¢) in the flexural zone strengthened with steel plate
can be provided as the load carrying capacity is marginally
reduced when compared to the control beam and the
ductility is increased by 103% when compared with the beam
with unstrengthened opening.
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4. Conclusion

(i) When a circular opening of one-third the depth of
the beam (100 mm¢) was provided in the flexural
zone, the ultimate load reduced marginally by 1.78%
and when the beam with opening was strengthened
with steel plate, it reduced by 3.04%, when com-
pared to the control beam.

(ii) Cracks formed were lesser in the case of beams with
openings strengthened using steel plate when
compared to the beams with openings without steel
plate.

(iii) When the openings in the shear zone were
strengthened with steel plates, the beams exhibited
more ductility but resulted in the occurrence of
flexural cracks leading to a considerable reduction
in the load carrying capacity.

(iv) The finite element results demonstrate that the
beam’s actual behaviour is found in the finite ele-
ment models. Furthermore, the results show that
the experimental beams can anticipate likely frac-
tures occurring in the FE model to a high degree of
accuracy. In addition, comparison of the experi-
mental and the numerical results shows that, in both
linear and nonlinear parts of the behaviour, the
numerical models with strengthened openings are
stiffer than the tested beams with strengthened
openings. There is a good agreement between the
experimental model and the analytical model which
allows the use of the finite element models for
parametric studies related to beams with openings.

(v) Beam strength is greatly impacted by the number of
openings.

(vi) It is concluded that the beam with opening of one-
third the depth of the beam (100 mm¢) in the
flexural zone strengthened with steel plate can be
provided as the load carrying capacity is marginally
reduced when compared to the control beam and
the ductility is increased by 103% when compared
with the beam with unstrengthened opening.

Data Availability
The data used to support the findings of this study are
available from the corresponding author upon request.
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In this research, the plate embedded parts and grooved embedded parts reinforced concrete structures were investigated. Two
types of plate embedded parts and three types of grooved embedded parts experienced coating treatment to enable sustainable
function. Later, the ultimate failure capacity by bending experiments was conducted and compared with the theoretically
calculated results. Moreover, three grooved embedded parts were simulated by ABAQUS to compare the results with the ex-
perimental exploration results, which was in close agreement with the theoretically calculated results and finite element analysis
results. The result indicated that the failure modes of the embedded specimens under the five working conditions are all concrete
vertebral failure. The plate-type embedded components were proved to exhibit higher ultimate bearing capacity than the grooved
embedded parts. Moreover, the flexural and shear capacity of these five types of embedded parts has not been fully developed. The
ultimate flexural and shear capacity of these five types of embedded parts could be further explored by adjusting the higher
concrete grade.

1. Introduction

As the construction industry develops rapidly, the me-
chanical properties of the concrete have attached more
attention [1, 2]. Consequently, the reinforced concrete
(RC) structures have been widely used in constructions
with the advantages of high sustainability, excellent me-
chanical strength, and considerable deformability resis-
tance [3, 4]. However, the ordinary RC structures cannot
meet the increasing demand of engineering specifically for
the formworks in structure nodes [5-7]. This phenome-
non points to the need for novel RC structures for filling

structure nodes’ formworks and producing high-quality
constructions [8].

The application of sustainable embedded parts in steel-
concrete composite structure joints has been used exten-
sively as a promising material [9]. The embedded parts’
structure comprising Halfen channel embedded parts and
plate embedded parts are raising attention and can be the
feasible solutions towards current drawbacks [10]. The
embedded parts’ structures do not depend on the secondary
construction of the ground in constructions with the ad-
vantages of the convenient assembly procedure, low cost,
and labor [11]. Stout et al. [12] patented a method for making
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cast-in-place concrete structures to reveal integrally
bounded confines in the structure. Stout et al. [13] also
explored a void-creating device to be embedded in a
concrete structure, aiming at defining a labyrinth of pas-
sageways with the concrete structure, which revealed the
passage procedure for service parts through the interior
parts within the concrete.

At present, drawing, shearing, and seismic resistance are
major concerns for embedded parts worldwide. In engi-
neering application, the slot embedded parts, bearing the
bending force and shear force in most cases as the joint of the
steel-concrete structure [14]. However, few studies have
been conducted on the bending-shear test performance of
slot embedded parts. Moreover, despite the embedded parts
being widely used, there are few standard designs for slot
embedded parts.

In this study, a novel coating treatment was conducted
upon three kinds of HALFEN channel embedded parts and
two kinds of plate embedded parts to reveal the sustainable
function. The bending-shear experiments were carried out
with different specifications to analyze the ultimate bearing
capacity and failure modes. Under the actual test conditions,
the theoretical calculation and finite element analysis using
ABAQUS were carried out on the flexural and shear test to
determine the reliability of the HALFEN channel embedded
parts in the practical application. The study can be regarded
as a guideline in this research area.

2. Experimental Study

2.1. Experimental Design. 15 specimens for two types of
embedded parts were analyzed comprising A-1, A-2, B-1, B-2,
and B-3. The A group was the structure reinforced by em-
bedded plate and the B group means the grooved embedded
parts corresponded to three different types of grooved em-
bedded parts. Each batch contains three samples and the
loading configurations are constant. Specifically, A-1 and A-2
were each reinforced by a 150 mm x 150 mm x 10 mm and a
150 mm x 150 mm x 20 mm anchor plate separately. Mean-
while, the embedded plate was welded by 4 steel bar anchor
legs (200 mm in length and 20 mm in diameter) and the
anchor legs were also welded to an I-beam (150 mm) with
different distances towards edges (10 mm for A-1 and 20 mm
for A-2). For the B group, the specimen was reinforced by
HALFEN groove (40 mm width and 22 mm height for B-1,
50 mm width and 30 mm height for B-2, and 52 mm width
and 34 mm height for B-3). The groove was weld by 4 anchor
legs with a length of 100 mm (overall length of 300 mm). The
anchor legs were linked with 5T bolts on the other side.

The concrete specimen sizes were
450 mm X 450 mm X 450 mm (A group) and
600 mm % 400 mm x 300 mm (B group). The design strength
of all specimens was C30 and the embedded parts were
Q345-type galvanized steel. The surface of the anchor plate
was even with the concrete, embedding all anchor legs. The
bending or shearing loads were applied to the I beam or T
bolt, and the loading eccentricity was 40 mm from the an-
chor plate plane. The specimen parameters were demon-
strated in Table 1.
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2.2. Sustainable Treatment. All designed embedded parts
experienced coating treatment to guarantee sufficient sus-
tainability in-service lifespan. A self-developed Zn-A1-Mg-
RE alloy on a small scale is utilized coating, as shown in
Figure 1. This is because the alloy not only exhibits out-
standing corrosion resistance but also fills the microcracks in
the coating which enhances the mechanical performance.
First, pure Zn strip at the content of 99.9% is sprayed onto
the surface of embedded parts as a base by a high-velocity
spraying gun (HAS-02) cooperated by a CDM system
(AS3000) at 200 um thickness. Later, the Zn-A1-Mg alloys
are coated upon the surface of the embedded part with a
thickness of 400 ym. The spraying current stands at 140 A,
and spraying voltage employs 30 V. The spraying distance
keeps at 250 mm and the air pressure is 0.65 MPa.

2.3. Loading Parameters. The 500t servo compression-test-
ing machine is utilized to load the test specimens. Mean-
while, a self-control device is set on the upside of the
specimen to prevent the sliding effect on the workbench. The
structure diagram of the entire loading system and self-
control device are, respectively, shown in Figure 2.

As for the loading procedure, the servo machine first
utilized a 0.2kN/s preload rate till the 10% vyield load fol-
lowed by a recovering process. After the inspection of the
loading device and instrument, the servo machine applied
uniaxial load at a rate of 0.4kN/s with 50 mm eccentricity
until failure. The loading value, as well as the strain data, was
collected automatically by the servo machine and the static
strain tester. Especially, both the circumscribed I-beam of
plate-type and the circumscribed T-type bolt of slot-type
built-in fitting obtained 4 anchor legs using 8 wires to
connect with the static strain tester during loading. The
loading procedure of plate-type built-in fitting and slot-type
built-in fitting separately are illustrated in Figure 3.

3. Test Results

3.1. Mechanical Properties. The experimental results are
shown in Figure 4. The average failure load of A-1 was
37873kN and was 78kN higher than that of
A-2(299.93 kN). The mean loading capacities for the B batch
were 89.76 kN for the B-1 sample, 125.34kN for the B-2
sample, and 105.63 kN for the B-3 sample.

3.2. Failure Mode. The failure modes and surface cracks for
all five embedded specimens are denoted in Figure 5.

All the specimens were damaged by the concrete ver-
tebral body with considerable cracks. For the embedded
structures, the concrete around the groove began to crack
slightly and then gradually expanded. After a specific
threshold (98 kN for B-1 and 92 kN for B-2), the cracks on
the original extend rapidly and terminally came into failure.
Major cracks in the vertical direction on both sides of the
middle groove steel were found, the bottom joint was
protruded around the T-bolt and the upper part was pulled
out due to the exerted force on the edge.
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TABLE 1: Specimen parameters for A and B groups.

Group Built-in type Anchor number and size Sample size (mm) Circumscribed device
A-1 Plate-type 4 %100 * 20 450 x 450 x 450 No. 14 I-beam
A-2 Plate-type 4 %100 = 20 450 x 450 x 450 No. 14 I-beam
B-1 Slot-type 4 %100 * 20 600 x 400 x 300 5 T-type bolts
B-2 Slot-type 4 %100 * 20 600 x 400 x 300 5 T-type bolts
B-3 Slot-type 4 %100 * 20 600 x 400 x 300 5 T-type bolts
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FIGURE 2: (a) Servo testing machine structure diagram. (b) Self-control experiment device.

4. Theoretical Calculations

The bearing capacity of a section of embedded components
is calculated according to CEN/TS 1992-4-3:2009 [15].

4.1. Design Calculation and Analysis of Plate Embedded Parts.
As for the damage characteristics, when the force moment e/z
is less than 0.3, the embedded parts are first crushed by
concrete with general shear-bearing embedded parts. When
the force moment e/z is more than 0.6, the embedded parts are
all damaged by the pulled anchor leg. Otherwise, the

embedded part failure is caused by the compound effect of
crushed concrete or the pulled anchor leg. In this study, the
eccentricity is 40 mm, and the vertical distance Z between the
anchor legs is 130 mm. Therefore, the moment equals 0.3 and
the theoretical damage characteristic ought to be a crushing
effect to form vertebral body damage, which is consistent with
the actual damage characteristics.

According to the experimental study and theoretical
analysis of uniformly arranged bending-shear embedded
parts with straight anchor legs, the strength of bending-shear
embedded parts can be calculated according to the following
equation [16, 17]:
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FIGURE 4: Experimental results of plate and groove embedded parts.
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FIGURE 5: Specimen failure form for (a) A-1, (b) A-2, (c) B-1, (d) B-2, and (e) B-3.
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where V/V ,,>0.7, or (e/z) <0.57 (a,o/ax,).

According to the reliability analysis of embedded parts,
the shear strength of embedded parts can be calculated
according to equation (2) and the bending strength of
embedded parts can be calculated according to equations (3)
to (5):

Yuo = avarfyAs’ (2)
M, = 04,0, f yAsz, (3)
4o fe
a, = (4-0.08d), |25 <0.7, (4)
fy
l/
«, = l—“ (5)

where «, symbols the shear strength coefficient of anchor
legs, f is the design value of concrete compressive strength,
S, equals the design value of tensile strength of embedded
anchor legs, d is the diameter of steel bars, &, means the
influence coefficient of the number of anchor legs, A; is the
section area for all anchor legs, «, symbols the reduction
coefficient of anchor length, «; is the reduction factor of
bending deformation of anchor plate which generally equals
1,1, is the actual length of the anchor leg (200), and [, means
the anchorage length (600) of tensile anchor legs is usually
selected and calculated according to Table 2.

By combining the listed formulas, equation (6) is ob-
tained shown as follows:

|4 N M
ao f,A; L3aapa, f Az

=L (6)

As the embedded parts met the structural requirements
and the anchor plate can be considered as nonbending
deformation, a;, thus equals 1. The embedded parts are
equipped with two rows of anchor legs, and «, is taken as 1.
The design value of compressive strength of concrete
specimens is 14.3 N/mm?, and the design value of tensile
strength of embedded anchor legs is 310 N/mm?>.

As aresult, o, = 1/3 and the shear strength coefficient of
anchor legs «, is 0.52. The theoretical calculation solution V
is 148 kN, which is far lower than the experimental results of
A-1 and A-2, meeting the safety considerations.

4.2. Practical Calculation and Analysis of Groove Embedded
Parts. The embedded depth of the anchor leg was shallow,
which is less than 150 mm. The failure form of the groove
embedded structure was usually concrete cone failure, and
the experimental results verified this assumption. According
to CEN/TS 1992-4-3:2009 [15], the formula of a failure
bearing capacity of the concrete cone is described as[18, 19]

_ 0
NRk,c - NRk,c X O N X ae,N X ac,N X (Pre,N X goucr,N’ (7)

5
TaBLE 2: The formula for calculating anchorage length.
. Strength grade of concrete
Type of reinforcement
Cl5(d) C20(d) C25(d) =>C30
Crescent rebar 50 40 35 30d

where Ny, is the failure capacity of the concrete cone when
a single anchor leg of groove-type embedded part is applied,
asn> @ N and .y are the adjacent anchor correction co-
efficient, boundary effect correction coefficient, and corner
effect correction coeflicient, respectively, and ¢,y is the
cracking correction coefficient of concrete, and when
noncracking concrete equals tol.4, ¢, is the shadow of
bearing capacity considering the peeling of surface concrete.
The formula for calculating the response coefficient is
expressed in equation (8). N' ?Zk,c means the standard value of
bearing capacity of concrete cone failure reinforced by single
anchor legs of groove embedded parts under tension which
is calculated as equation (9):

h
$ron = 0.5+ 28{)3 1, (8)

0 1.5
NRk,c =85x X X \/fck,cube X hef’ (9)

where a,, is the correction factor of channel steel to concrete
cone less than 1, fo cupe 18 the standard value of compressive
strength of concrete cube (N/mm?), and hefis the length of
anchor leg of groove embedded parts.

According to the listed formulas, h.¢is 100 mm, and ¢, 5
is thus calculated as 1. When the specimen is C30, fix cupe
take 34.9N/mm? and «,, was chosen as 1; then, N%k)c is
calculated as 50.2 kN. The adjacent anchor repair coefficient,
boundary effect repair coefficient, and corner effect repair
coefficient o, , a,n, and a.n, are 1, 1.1, and 1.2, re-
spectively, according to the actual situation. The concrete is
noncracking concrete, and @,y is 1.4. As a result, Ny, _ is
calculated as 102.1 kN, which is in close agreement with the
experimental values.

5. Finite Element Simulation Analysis of Groove
Embedded Parts Test

5.1. Establishment of the Finite Element Model for Slot
Embedded Parts

5.1.1. Selection of Materials. The groove embedded com-
ponents (B-1, B-2, and B-3) were simulated in finite element
analysis consisting of steel plate, groove embedded parts,
and concrete structure. The T-type bolt is simplified as a steel
plate in modeling as its main function was to transmit force
to embedded parts. The steel Poisson’s ratio was 0.274, and
the elastic modulus was 2.06 * 10° MPa.

There were three constitutive models of concrete
which are provided in ABAQUS including the brittle
cracking model, dispersive cracking model, and damage-
plasticity model [20, 21]. The plastic damage model of
concrete is adopted in this paper because it was able to
simulate the mechanical behavior of concrete under



monotonous, reciprocating, and dynamic loads under
low hydrostatic pressure and has good convergence. As
for the uniaxial constitutive relationship of concrete, it
was based on the damage-plasticity mode and consisted
of the elastic section, strengthening section, and soft-
ening section. Poisson’s ratio took 0.167 in the elastic
section. The inelastic strain and damage constitutive
relationship are demonstrated in equations (10) and (11)
(22, 23]:

sc,in = > ( 10)

o= (1-d)Dy: (s—epl)zD: (s—spl), (11)

where E, means the initial modulus of elasticity, Dy is the
initial elastic stiffness, D symbols the degraded elastic
stiffness, and d is the damaging factor variable within the
domain of 0 and 1.

The uniaxial tension constitutive relation defined the
peak stress f, as 0.35f.,%°° and the softening section when
the strain exceeds the ultimate strain ¢.,. Meanwhile, the
ultimate tensile strain and the corresponding residual
stress in the tension-softening section of concrete have a
great influence on the convergence of the calculation.
The residual stress is thus defined as 0.13f,. Other related
parameters are selected according to the measured
values. The plastic nonlinear model is difficult to con-
verge in the calculation. Considering that plastic de-
formation hardly occurs in the noncontact parts
(concrete and embedded part), this area post minor
impact towards test results. Therefore, the noncontact
region is set as linear elastic material, and the contact
part between concrete and embedded parts is defined as
plastic material.

5.1.2. Interaction and Boundary Conditions. The binding
constraints were established at the contact areas between
the steel plate and the embedded parts. To facilitate the
loading, a reference point was set on the upper surface of
the steel plate followed by a kinematic coupling proce-
dure. To coincide with the test results, some surface-to-
surface contact pairs were set. Specifically, the steel plate
with larger stiffness was set as the main surface and the
concrete part was set as the slave surface. Moreover, the
finite slip formula was utilized to define the finite element
contact because the relative displacement between the
embedded parts and the concrete may be arbitrary. The
tangential and normal behaviors were mainly considered
in the contact properties and the Coulomb friction was
adopted in the friction model and the friction coefficient
was 0.4.

The model was placed on the loading table of the press
with a clamp on the opposite side of the embedded part. The
load was applied smoothly on the bolt to transfer the force to
the embedded part. According to the experimental setting,
three degrees-of-freedom constraints were applied to the
concrete bottom and the displacement constraints were
utilized for the steel plate.
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Ficure 7: Simulated displacement load curve of three specimens.

5.1.3. Mesh Generation. In this paper, the 8-node hexahe-
dron reduction integral entity element C3D8R was used in
the plastic nonlinearity analysis. The embedded component
was in 8 mm mesh size and the concrete unit was 30 mm; the
contact interface unit was in 7 mm.

5.2. Finite Element Analysis Results. Figure 6 is the com-
parison of displacement load curve measured in the ex-
periment and simulated by the finite element method. The
experimental results of the embedded parts were in close
agreement with the finite element analysis results. The
displacement load-curve comparison obtained by finite el-
ement simulation is shown in Figure 7. It can be seen that the
groove embedded parts have obvious elastic and plastic
stages and are verified with the mechanical bearing capacity
in the experiments.

Figure 8 demonstrates the concrete stress cloud diagram
for the simulated B group specimens. The stress distribution
on the upper surface in the finite element analysis was
consistent with the damaged area of the concrete vertebral
surface in experiments. When the embedded parts were
subjected to bending and shearing force, the T-bolt would be
pulled on the upper side, and we exert relatively large
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FiGUre 8: Concrete stress cloud diagram. (a) B-1, (b) B-2, and (c) B-3 (unit: MPa).



+1.327e+00
+1.218e+00
+1.109e+00
+1.000e+00
+8.910e-01
+7.820e-01
+6.730e-01
+5.640e-01
+4.550e-01
+3.460e-01
+2.370e-01
+1.280e-01
+1.901e-02

+1.065e+00
+9.786e-01
+8.923e-01
+8.061e-01
+7.198e-01
+6.336e-01
+5.473e-01
+4.611e-01
+3.748e-01
+2.886e-01
+2.023e-01
+1.161e-01
+2.983e-02

+1.610e+00
+1.476e+00
+1.342e+00
+1.208e+00
+1.073e+00
+9.392e-01
+8.050e-01
+6.708e-01
+5.367e-01
+4.025e-01
+2.683e-01
+1.342e-01
+0.000e+00

(b)

(c)

Advances in Civil Engineering

FIGURE 9: The embedded parts deformation diagram for (a) B-1, (b) B-2, and (c) B-3 (unit: mm).

compressive pressure on the lower side of the channel. When
the displacement occurred upon T-bolt, the anchor leg in
concrete would be pulled out slowly. Thereby, the punching
effect upon the interaction between the anchor leg end and
the concrete would increase. According to the stress cloud
diagrams, the obvious stress concentration phenomenon
was found at the interfaces for all three specimens, which
was in agreement with the vertebral destruction caused by
concrete in the mechanical experiments.

Figure 9 shows the deformation diagrams for the
groove embedded parts’ reinforced concretes. The dis-
placement load-curve comparison figure obtained by fi-
nite element simulation is shown in Figure 10. From the
listed figures, the maximum stresses for the simulated
samples occurred at the bolt-channel steel interface and
the anchor leg end. For the B-1 sample, the maximum
stress reached 272.8 MPa and was mainly at the

connection between T-type bolts and groove steel. The
groove-type embedded part was still in an elastic state,
while the maximum stress of concrete stood at 75.16 MPa
at the end of the anchor leg, exceeding the compressive
ultimate limit. The B-2 sample obtains the maximum
stress of 268 MPa also at the connection surface between
T-type bolts and groove steel. Meanwhile, the groove-type
embedded parts have not fully kept the plastic state, but
the concrete’s maximum stress (58.38 MPa) has already
reached the compressive limit at the end of anchor legs.
For the B-3 specimen, the HALFEN groove’s peak stress
was simulated as 281.8 MPa at the connection part be-
tween channel steel and T-type bolts. Simultaneously,
both the embedded parts and the concrete component did
not exceed the plastic level threshold. The works can lay
the foundation for future artificial intelligence optimi-
zation works.
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+2.728e+02
+2.505e+02
+2.281e+02
+2.058e+02
+1.834e+02
+1.610e+02
+1.387e+02
+1.163e+02
+9.396e+01
+7.160e+01
+4.924e+01
+2.688e+01
+4.526e+00

+2.680e+02
+2.457e+02
+2.234e+02
+2.011e+02
+1.789¢e+02
+1.566e+02
+1.343e+02
+1.120e+02
+8.972e+01
+6.744e+01
+4.515e+01
+2.287e+01
+5.860e-01

+2.818e+02
+2.585e+02
+2.352e+02
+2.120e+02
+1.887e+02
+1.654e+02
+1.421e+02
+1.189e+02
+9.55%¢+01
+7.232e+01
+4.904e+01
+2.577e+01
+2.498e+00

(c)

FiGure 10: The embedded stress diagram for (a) B-1, (b) B-2, and (c) B-3 (unit: MPa).

6. Conclusion

The purpose of the study was to investigate the reliability of
sustainable plate embedded parts and grooved embedded
parts’ reinforced concrete structures. The main conclusions
of the study can be summarized as follows:

(1) The self-developed Zn-Al-Mg-RE coating en-
hances the sustainability performance of the em-
bedded parts, which benefits the whole concrete
structure of a longer service life span. The plate
embedded parts supplied higher bearing capacity
and the HALFEN groove with 50 mm width and
30mm height was the most suitable category in
reinforcing works.

(2) The theoretical calculation of failure bearing capacity

for both plate embedded parts and grooved embedded
parts reinforced concrete structures was consistent with
the experimental results. The failure modes for em-
bedded parts’ reinforced concrete structures were the
destruction of concrete vertebrae with obvious cracks.

(3) Based on the finite element analysis of three groove

embedded specimens, the concrete at the end of the
anchor leg had an obvious stress concentration
phenomenon, which was consistent with the phe-
nomenon of vertebral body destruction caused by
concrete in the experiment. The finite element
simulations were in according to the experimental
results and theoretical calculation results.
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According to the statistics of relevant departments, the total area of various existing buildings in China is at least 10 billion m?, of
which about one-third of the houses have reached the design life and the safety reserve is insufficient. It is not economical to
demolish these houses and rebuild them, and the benefits of new buildings are far less than those of extending the service life of old
buildings through reinforcement. Therefore, reinforcement technology is increasingly indispensable. Currently varying methods
for the prestressed reinforcement of concrete columns are developed, but they are generally not practical. Strengthening concrete
columns with prestressed semicircular steel plate is a new prestressed strengthening technology. In this article, the experimental
study on the axial compression of a reinforced concrete circular section short column strengthened with prestressed semicircular
steel plate is carried out by combining experimental and numerical simulation methods, and the calculation formula of the bearing

capacity of the reinforced short column is established by finite element analysis.

1. Introduction

The application of prestress reinforcement in a building
structure improves the force performance of the original
structure by enhancing crack resistance, structural carrying
capacity, and durability [1-3]. Currently varying methods
for the prestressed reinforcement of concrete columns are
developed comprising prestressed rod, prestressed strip, and
prestressed steel strand reinforcement methods [4-7].
However, the application of prestressed reinforcement
technology in practical engineering is still in the preliminary
stage. Zhang et al. [8] explored the anchorage-reinforced
concrete column (similar to the clamp method) by the
quasistatic test to find the circumferential prestressed steel
strands and demonstrated good repair and improvement
effect on the seismic performance of damaged columns.
Prestressed steel strand has the advantages of convenient

construction and short cycle and does not affect the use of
the original structure during construction. It can also im-
prove the bearing capacity, stiffness, and energy dissipation
capacity of reinforced concrete columns. After reinforce-
ment, the fire resistance, corrosion resistance, and aging
resistance of the components are improved [9, 10]. Ge et al.
[11] studied the seismic behavior of concrete columns
strengthened by prestressed steel strand tensioning and
anchoring. The test results show that the yield load and
ultimate load were improved, but the concrete of the pro-
tective layer of the original column exposed to the pre-
stressed steel strand is in the three-dimensional stress state,
and the exposed concrete is still in the two-dimensional
stress state, which makes the mechanical state of the concrete
column more complex, which brings complexity to the
design calculation, and the prestress of the steel strand is
limited. Sun et al. [12] found a prestressed steel plate hoop to
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reinforce bridge and effectively improve axial compression
bearing capacity and deformation capacity of pier column.
The axial compression performance tests of 16 reinforced
columns and 2 contrast columns were carried out by Sun
et al. [13] and Yong et al. [14]. The results show that the
bearing capacity and deformation capacity of reinforced
columns are improved under the conditions of constant
spacing of steel strips, increasing or unchanged number of
layers, and decreasing spacing. However, the column con-
crete between steel strips is exposed outside, which is not
constrained by steel strips, leading to increased potential of
early explosion [8, 15]. From the above research status, can
we find a prestressed reinforcement method? It can not only
improve the deformation resistance and bearing capacity of
reinforced concrete columns, but also ensure that the stress
of new and old structural layers is synchronized, the original
structure is not destroyed, and the implementation is
convenient.

Therefore, the prestressed semicircular steel plate is
firstly proposed as a feasible solution toward the increased
demand as shown in Figure 1. The main novelty is that two
prestressed semicircular steel plates are installed on the side
of the required strengthened cylinder, and the circum-
ferential prestress is applied to the two semicircular steel
plates by tightening the bolts. The prestress can be adjusted
by tightening the bolts, so as to improve the bearing ca-
pacity of concrete columns without damaging the original
column, and to achieve the purpose of rapid repair and
reinforcement of concrete columns. As a result, compared
to traditional reinforcement methods such as increasing
section method [16, 17], steel casing method [18, 19], and
CFRP reinforcement method [20, 21], the advantage can be
concluded as follows: DIt does not increase the section of
the column, nor add steel bars to the original column. @Its
core concrete is in the active three-way stress state before
the force. @The original concrete column has reinforce-
ment according to the original bearing requirements. The
reinforced concrete column is equivalent to the prestressed
reinforced concrete-filled steel tube column, and its bearing
capacity is higher than that of the concrete-filled steel tube
column. @The prestress can be adjusted to ensure the force
synchronization of the original structure and the reinforced
structure, and there will be no echelon damage. ®The
reinforcement does not damage the structure of the original
concrete column, nor does it reduce its bearing capacity.
®1It is not necessary to unload the original concrete col-
umn and does not affect the use of the structure. The re-
inforcement construction can be implemented online and
can be carried immediately after reinforcement. The
structure demonstrates promising potential in intelligence
manufacture owning to its superior advantages especially
in the 3D printing domain [22-24].

In this article, the experimental study on the axial
compression of the reinforced concrete circular section short
column strengthened with prestressed semicircular steel
plate is carried out by combining experimental and nu-
merical simulation methods, and the calculation formula of
bearing capacity of the reinforced short column is estab-
lished by finite element analysis. In order to study the axial

Advances in Civil Engineering

FIGURe 1: Schematic diagram of the reinforcement method.
(1) Longitudinal bar; (2) semicircular steel plate; (3) stirrup; (4)
radial structural bars.

bearing capacity of strengthened concrete columns, the axial
compression tests of 20 concrete columns were completed,
including 5 comparative columns and 15 concrete columns.
All specimens were strengthened by steel casing with varying
prestressing values. The test results show that the bearing
capacity of the reinforced concrete column is greatly im-
proved by prestressed steel casing, and the ultimate bearing
capacity is increased by 72.1%-109.9%. On the basis of the
experimental study, the finite element models of the pre-
stressed semicircular steel plate strengthened column were
established by ABAQUS. The correctness of the finite ele-
ment model is verified by the experimental results. Finally,
the bearing capacity of the reinforced concrete column is
analyzed theoretically, to propose the calculation formula for
axial compression bearing capacity; compared with the
experimental data, the theoretical calculation formula has
outstanding accuracy, Through this test, it can provide
experimental data for the eccentric compressive test,
earthquake-resistant test, shear test, resistant explosion
experiment, fatigue test, and stability test of the prestressed
steel casing reinforcement method for strengthening the
concrete column.

2. Materials and Methods

2.1. Materials and Specimen Design. The concrete in this test
is C30. According to Chinese Standard Test Method (GB/
T50081-2016) [25], the same batch of concrete with the
cylinder was selected for the compressive performance test
of a concrete cube, and the average compressive strength of
the concrete cube was 30.75 MPa.

As shown in Figure 2(a), 6C14HRB400E was selected as
the longitudinal bar. According to the Steel Test Method for
Reinforced Concrete (GB/T28900-2012) [26], the yield
strength of the longitudinal bar was measured to be 541 MPa.
The yield strength of the stirrup A6HPB300 is 332 MPa.

The test column is circular, 256 mm in diameter, and
1000 mm in height (Figure 2(b)). A total of 20 columns were
designed in this experiment, of which 5 were the contrast
columns, numbered RC-1 (the specific column numbers are
RC-11 to RC-15), and the remaining 15 were divided into
three groups of different prestressed reinforced concrete
columns, numbered RC-2-1-RC-2-3 (the specific column
numbers of each group are RC-2-11~RC-2-15).
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FIGURE 2: Details of specimens.

As shown in Figure 2(c), the inner diameter of the steel
casing wall is 256 mm, the length is 980 mm, and the
thickness of the steel plate is 5 mm. In order to make the steel
casing successfully impose circumferential prestress on the
concrete cylinder, the two semicircular steel plates cannot be
closed into a complete circle, and the two semicircular steel
plates should leave 6 mm (256 x 7 x 0.01 X 1.5 =12 mm, 0.01
is the ultimate tensile strain of steel, and 1.5 is the surplus
coeflicient) gaps in advance.

The nominal diameter was 12 mm, and the stress cross-
sectional area of M12 bolt was 84.3 mm®.

In order to measure the internal stress and defor-
mation of the steel bar, concrete, and steel casing, strain
gauges are affixed at the specific position of the specimen,
and the specific position of the strain gauge is shown in
Figure 2.

2.2. Loading Program. In order to study the mechanical
properties and reinforcement effect of concrete columns
strengthened with steel casting (steel cylinder formed by
closing two semicircular steel plates) under precompression
stress, four groups of axial compression tests of strengthened
columns were carried out:

(1) Contrast column test of the unreinforced original
column.

(2) According to the prestress value, the test of the
reinforced column can be divided into the following
three categories:

@ In Scheme 1, the prestress value is 0, which means

tightening the bolt gently with a common wrench
so that the steel casing is just close to the surface
of the concrete cylinder; therefore, reinforced
columns are equivalent to reinforced concrete-
filled steel tubular columns.

®@ In Scheme 2, the confining pressure of the

semicircular steel plate on the concrete column is
equivalent to that of the unreinforced column
stirrup on core concrete. As shown in Figure 3,
p =o0,(p is shown in Figure 3(c), and o, is the
confining pressure of steel casing on concrete
columns); therefore, 05 = o, (Figure 3(c)).

Because the thickness of the semicircular steel plate
is far less than the diameter of the concrete column,
and the thickness of the steel plate is =5mm, the
cross-sectional area of the steel tube wall is
A, =4097.70mm?® When the diameter of the
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(d) (e)

FIGURE 3: Stress diagram after reinforcement.

column is d=256mm and the thickness of the
concrete cover is 25mm, the diameter of core
concrete (stirrup spacing) is 194 mm and the area of
core concrete is A, =29544.26 mm?. The cross-
sectional area of concrete column
A =51445.76 mm?, and the stirrup conversion area
is Ay = 215.19 mm?. Therefore, the constraint stress
(0,,) of stirrup on the core concrete column can be
calculated by the following formula [27, 28]:

.- Sy Aso _270x 21519 0983 N
T2A,,  2x2954426 mm®

1

where f, is the design value of stirrup tensile
strength, f,, =270 MPa. When the confining
pressure of steel casing on the surface of the
concrete column is equal to that of stirrup on core
concrete before column reinforcement, there
should be

r = Op1- (2)

At this time, the circumferential tensile stress in
the steel casing plate can be obtained as follows:

A 51445.76
Og = ZGrT =2x0.983 x m =24.68 —
sl . mm

(3)

® In Scheme 3, the prestress value is equivalent to
the prestress value required to make the bolt
reach its tensile strength design value. At this
time, the tensile force of the steel casing is larger
than that of Scheme 2. The design value of the
axial tensile connection bearing capacity of a
single bolt is set as N:

NP = A fP =843x400=33270N,  (4)

where A.gis the stress section area of a single bolt,
Acr=843mm’. flis the tensile design strength
of the bolt, f’=400MPa. In addition, the
number of bolts per row is 10:

_NUx10 33270 x 10 N

=67.90 —, (5
t-l 5% 980 mm

0p

where ¢ is the thickness of the steel casing plate,
t=5mm and/ is the height of steel casing,
[=980 mm. Therefore, the grouping scheme and
the corresponding prestress values are listed in
Table 1.

The loading method is full-section axial compression.
The test is carried out on the microcomputer controlled
electro-hydraulic servo press-shear testing machine. The
strain of steel bars, steel casings, and concrete is measured by
the static resistance strain gauge DH3818Y and dynamic
signal acquisition and analysis system DHDAS. The cracks
are observed with the naked eye of the magnifying glass and
the flashlight. The testing machine is shown in Figure 4.

The test loading was carried out according to the
Standard Test Method for Concrete Structures (GB/T50152-
2012) [29]. After the reinforcement column is aligned, the
preloading of 0.3N, (predicted ultimate load value) was
carried out, and the preloading was carried out 2-3 times.
During the preloading period, the number of test equipment
indicators needs to be carefully checked, and the abnormal
phenomena should be eliminated in time. After the preload
is completed. Then, remove all loads and start the formal
test. The test device is shown in Figure 5. Pressurized loading
was used in the test. Each stage was kept for 10 min, and the
loading value of each stage was 0.2N,, (predicted ultimate
load value) [30, 31]. The loading speed was 2 kN/s. When the
loading value reached 0.8Nu, the loading value of each stage
was 0.1N,,. When the last stage was loaded, the loading speed
was 1kN/s. Until the ultimate load was reached and the
pressure was kept, the loading was continuously and slowly
until the specimen was destroyed. Among them, the strain
data take the average value of 1 minute before the pressure
was kept. Because the concrete column has 10 mm exposure
in the upper and lower ends of the steel casing (Figure 5), the
loading stops when the upper and lower loading plates
contact the steel casing.

3. Results and Discussion

3.1. Main Results of the Test. The main test results are shown
in Table 2. It can be seen from Table 2 that the ultimate load
of strengthened columns increases differently with different
prestress values. Compared with the contrast column, when
the prestress value is 0 N/mm?®, the ultimate load of the
strengthened column increases by 72.1%-92.4%; when the
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TaBLE 1: Details of specimens.

o Quantity
Methods Number  Scheme (MPa) (pillar)
Mo Re.1  Nosteed 5
reinforcement casing
RC-2-1  Scheme 1 0 5
Reinforcement ~ RC-2-2  Scheme 2 24.68 5
RC-2-3  Scheme 3 67.90 5
Total 20

Cushion
block (10 mm)

10mm
concrete exposed|

at both ends
Steel casing
Steel casing (5 mm)
strain gauge
S1-1

Steel casing

strain gauge
S1-2

Strain gauge
- wires leads
from here

SR - -
FI1GURE 5: Diagram of specimen.

confining pressure of the semicircular steel plate on the
concrete column is equivalent to that of the unreinforced
column stirrup on core concrete, the ultimate load of the
strengthened column increases by 95.0%-102.7%; when the
prestress value is equivalent to the prestress value required to
make the bolt reach its tensile strength design value, the
ultimate load of the strengthened column increases by
97.5%-109.9%. It can be seen that, with the increase in the

prestress value, the confinement effect of steel casing on
concrete is more obvious, and the bearing capacity of
concrete columns after reinforcement is slightly improved.

3.1.1. Phenomena. As shown in Figure 6, for RC-1, at the
beginning of loading, two ends of the column due to stress
concentration distribution crack. With the increase of load,
because there is no restriction of steel casing, vertical cracks
gradually appear in the surface of concrete cover. When the
axial load reaches about 90% of its peak load, the vertical
cracks continued to extend vertically, and the crack width
increased. With a slight click, some cover concrete spalling.
When the load reaches the maximum value, the head of the
concrete column collapses in a large area, and the upper part
of the specimen is bulging. Then, the bearing capacity de-
creases sharply. From the crack of the concrete column to
the complete failure of the reinforced column, the whole
process is relatively short, and the compression process
shows the characteristics of brittle failure. For the three
groups of concrete columns strengthened with steel casing,
they have no obvious change at the initial stage of loading.
When the load gradually increases, the appearance of steel
casing has no obvious change, but its two vertical flanges
have corrugated changes. Then, there was a crackling sound,
which was due to the joint action of rib angle and bolt to
make the vertical flange yield first. When the reinforced
column reaches the ultimate bearing capacity, the weld
position of the rib angle of the vertical flange is tear. Because
the steel casing is restrained by the transverse flange during
loading, the appearance of the steel casing still has no ob-
vious change.

Figure 7 shows the internal failure mode diagram of the
concrete cylinder after removing the steel plate. It can be
seen that the failure of the ends of the column is more
serious, which is due to the cushion plate that directly acts on
the top of the concrete column during loading, and the end is
not restrained by the steel casing. The ultimate compressive
strain of concrete ¢, is 0.0033; from this, the ultimate
displacement value is 3.3 mm. Two ends of the reinforced
column are compressed more than 10 mm, indicating that
the confined concrete in the concrete column has been
compressed. However, due to the circumferential constraint
of the steel casing, the concrete column can still withstand
axial pressure. Therefore, the prestressed steel casing can
effectively restrict the concrete column. After loading, the
steel casing is closely connected with the surface of the
concrete cylinder, and it is very difficult to separate them.
This shows that the Poisson displacement or lateral dis-
placement of the concrete in the steel casing is obvious, and
the steel casing ensures the integrity of the specimen and the
effectiveness of the pressure transfer.

3.1.2. Failure Patterns of Specimens. There are two typical
failure modes of concrete column: MThe top concrete is
crushed and peeled off. @Due to the constraint effect of the
steel casing on the core concrete, the whole shearing de-
struction of the concrete will not appear, and even the
cracked concrete will be re-extrusion under the constraint of
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TaBLE 2: Main results of the test.
Number N, (kN) Increase rate (%) Failure mode

1 1471.50 —
2 1553.30 —

RC-1 3 1548.53 — Cover concrete spalling, concrete crushing, upper column drumming
4 1612.32 —
5 1526.23 —
1 2654.89 72.1
2 2910.25 88.7

RC-2-1 3 2967.48 92.4 Concrete cracking, no obvious phenomenon in the steel casing
4 2938.08 90.5
5 2781.00 80.3
1 3017.00 95.6
2 3008.29 95.0

RC-2-2 3 3026.02 96.2 Vertical flange weld cracking, concrete splitting
4 3110.64 101.7
5 3125.31 102.7
1 3133.54 103.2
2 3146.81 104.0

RC-2-3 3 3046.87 97.5 Bolt fracture, steel casing failure
4 3237.70 109.9
5 3304.70 114.3

()

(©)

FIGURE 6: Failure modes of typical specimens.

the axial pressure and the steel casing. Due to the continuous
occurrence of new corrugated bending of the vertical flange
of the steel casing, cracks appear at the welds of the vertical
flange, and the confining pressure is gradually weakened. On
the premise of ensuring that no shear failure occurs, the
reinforced column mainly occurs in two types of failure
forms: the first type is axial compression failure; concrete

columns in the compression zone are crushed and peeled off.
The second type is the failure of the vertical flange of steel
casing. From the cracking of reinforced columns under
failure, two failure modes are ductile failure. Because the
reinforced column has concrete spalling and clicking sound
before failure, it shows that there are obvious signs before
failure, and the failure form is reasonable.
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FiGure 7: Internal failure mode of test column.

3.1.3. Load-Displacement Curve. Figure 8 shows the load-
displacement curve of reinforced column. The curve can be
divided into elastic section at the beginning of loading,
inelastic section at 80% of ultimate load, and descending
section after ultimate load. During the initial loading, all
columns are in the elastic stage. Because fine stone concrete
is poured between the steel casing and the concrete column
to make them fit closely, the steel casing has a constraint
effect on the core concrete. Therefore, with the increase of
load, the greater the prestress value, the greater the slope of
the strengthened column. As the load continues to increase,
the constraint effect of steel casing on concrete becomes
more obvious, and the bearing capacity of reinforced col-
umns is also larger. Compared with the contrast column, the
bearing capacities of RC2-1, RC2-2, and RC2-3 of the
reinforced column were increased by 85%, 98%, and 106%,
respectively. Because the steel casing has a strong constraint
on concrete, the ultimate bearing capacity decreases slowly
when it is destroyed, and for the specimens RC-1, RC2-1,
RC2-2, and RC2-3, Apai/Auacic is 1.06, 2.57, 2.77, 3.48,
respectively (A, is the ultimate displacement, and A, is
the elastic displacement). It shows that the ductility of the
new concrete structure increases with the increase of steel
casing prestress.

3.1.4. Load-Material Strain Curve. Figure 9 shows the load-
strain curve of the concrete and steel casing. In the early
stage of loading, the load-strain is linear, which indicates
that the reinforced column is in the elastic stage. The strain
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FIGURE 8: Load-displacement curves.

of concrete and steel casing increases proportionally with the
increase of load. When the load increases to 50%, the column
cracks and works with cracks. With the increase of load, the
strain of concrete increases and the transverse strain of steel
casing also increases. The longitudinal strain of steel casing
increases mainly due to the increase of transverse strain of
steel casing. When the load is close to N, the slope of the
curve continues to decrease, the stiffness of the specimen
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decreases, and the reinforced column is destroyed. When
specimens RC2-1, RC2-2, and RC2-3 reach the ultimate
load, the transverse strains of steel casing are 241, 580, and
1288 u,, and the longitudinal strains are 231, 450, and 1268
Ue> Tespectively.

Figure 10 shows the load-strain curve of the steel bar of
the reinforced column. With the increase in the steel casing
prestress value, the constraint effect on the concrete column
is stronger, and the increase of the peak strain of the steel bar
(the strain corresponding to the ultimate load) is greater.
When the specimens RC-1, RC2-1, RC2-2, and RC2-3 reach
the ultimate load, the stirrup strains are 1120, 650, 584, and
3025 y,, and the longitudinal reinforcement strains are 1767,
1284, 1675, and 2292 ., respectively. Comparing the
reinforced columns RC2-1, RC2-2, and RC2-3, it is known
that the prestressed semicircular steel plate reinforcement
can improve the ultimate strain of concrete, and the concrete
strain is related to the size of reinforcement prestress. The
greater the prestress, the greater the ultimate strain of the
reinforcement column. And the strain growth rate of the
reinforced column is accelerated after the peak load, indi-
cating that the prestressed semicircular steel plate rein-
forcement gives full play to the material properties of steel
and concrete. It can be seen from the figure that the steel
strain of the contrast column RC-1 decreases directly after
reaching the ultimate load. Due to the transverse constraint
force provided by the prestressed semicircular steel plate, the
steel strain of the reinforced column decreased slowly after
reaching the ultimate load.

3.2. Finite Element Analysis

3.2.1. Finite Element Modeling. In this article, ABAQUS
software is used for finite element analysis. The steel
skeleton and concrete are contacted by the embedded
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FiGure 10: Load-strain curve of steel bar.

region without considering the influence of bond-slip,
and it is assumed to be coordinated deformation. Al-
though the steel casing and concrete column surface will
produce relative slip in the actual test, many research
results show that this relative slip has little effect on the
constraint ability, so this article assumes that they are
ideally connected and use tie contact. In the existing
research field, the application method of steel casing
prestress is still relatively rare. High strength bolts are
used to apply prestress in the test, but, in the simulation,
the equivalent substitution method is used to control
prestress, and the prestress is equivalent to the pressure
generated around the concrete column; that is, the
contact element between the steel casing and the concrete
transfers the interface pressure p, and the pressure per-
pendicular to the contact surface can be completely
transferred between the interfaces. Only normal contact
is considered between the cushion plate and the top
surface of the concrete. Among them, the steel casing and
two ends of the cushion plate are simulated by shell el-
ement S4R, and the concrete is simulated by three-di-
mensional solid element C3D8R.

The constitutive model of the concrete column
strengthened with prestressed steel casing is similar to that of
the concrete-filled steel tubular column. Therefore, the
constitutive model of concrete in this simulation adopts the
compression constitutive model of the concrete-filled steel
tubular column in Liu Wei’s study on the working mech-
anism of the concrete-filled steel tubular column under local
compression [32]. The loading method adopts the vertical
displacement loading of the upper part of the model. It is
assumed that the lower part of the model is completely fixed,
and the upper part constrains two translational and rota-
tional degrees of freedom. The finite element model is shown
in Figure 11.
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(a)

(d)

FIGURE 11: Model mesh subdivision. (a) Steel frame. (b) Steel casings. (c) Cushion block. (d) The whole specimen.

3.2.2. Results of Finite Element. Figure 12 shows the stress
distribution nephogram of the steel casing when the
reinforced column reaches the ultimate load when the
prestress of the steel casing is 0 N/mm?, 24.68 N/mm?, and
67.90 N/mm?, respectively. It can be seen from the figure
that with the increase in the prestress value, the coverage
of the maximum stress of the steel casing increases and is
distributed in the middle area of the reinforced column.
And with the increase in the prestress value, the com-
pressive stress value increases, it shows that the steel
casing has a good restraint effect, and the restraint effect is
also obvious. There is a certain error between the finite
element simulation and the test results; the main reason
for the error is that there is a deviation between the
application mode of prestress of reinforced columns and
the actual situation during modeling. Moreover, the
contact between steel casing and concrete is also complete
contact in the ideal state, which is difficult to achieve in the
actual project.

Figure 13 shows the load-displacement curve of the
specimen obtained by the test and the finite element method.
The real line represents the finite element value. The
imaginary line represents the experimental value. It can be
seen that the calculation results of the finite element model
are consistent with the test results. The finite element
analysis tends to be idealized. Therefore, the finite element
analysis results are better than the test results. The com-
parison of specimen bearing capacity is shown in Table 3,
Nggm/Npyxp mean value is 1.026, and the standard deviation
is 0.012, indicating that the finite element model established
in this article can better simulate the stress characteristics of

reinforced concrete columns strengthened with prestressed
steel casing.

4. Calculation of Axial Compression
Bearing Capacity

The prestressed steel casing reinforcement method studied
in this article is a new reinforcement method. By prestressing
the steel casing, the steel casing and the column needed to be
strengthened are connected into a whole, so that they work
together, thus significantly improving the bearing capacity of
concrete columns.

Referring to the research results of Si et al. [33] in the
axial compression test of damaged reinforced concrete
columns strengthened with prestressed steel wires, after
reinforcement, the bearing capacity of the reinforced col-
umn is composed of longitudinal reinforcement and con-
fined concrete, and thus, the calculation formula of the
bearing capacity of the reinforced column with prestressed
steel wires is proposed:

Nu=¢'fc,cAc+f}£A;’
fc,c:b'fc’

where N, is the ultimate bearing capacity of the composite
strengthened member, kN; f.. is the axial compressive
strength of confined concrete, MPa; b is the prestressed
winding improvement coefficient; f. is the axial compressive
strength of unconstrained concrete, MPa; A is the damage
coeficient; A, is the section area of compressive concrete,
mm? f, is the longitudinal reinforcement compressive

(6)
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strength design value, MPa; and A, is the longitudinal
section area, mm~.

Based on the derivation of Si Jianhui’s calculation for-
mula for the bearing capacity of reinforced members, it can
be seen from Figure 5 that there are 10 mm left at the upper
and lower ends of the concrete column without the con-
straint of steel plate. Therefore, the steel casing does not
provide axial bearing capacity, but only provides one cir-
cumferential constraint force for the concrete column in this
experiment. It can be seen that the increase in the bearing

capacity of concrete columns strengthened with prestressed
steel casing is mainly caused by the increase in the bearing
capacity of concrete after being constrained [30, 34-36]. Due
to the different prestress value, the ultimate compressive
strain of confined concrete is different, and the strain of the
steel bar is also different, so it is necessary to set up a
composite reinforcement improvement coefficient. Since the
specimens used in the test are all not under pressure before
the test, the damage coefficient A can be taken as 1. Then
calculation formula of the bearing capacity of concrete
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TaBLE 3: Comparison of experimental and calculated values.

Nexp (kN) N, (kN)
Number Neem (kKN)
1 2 3 4 Average Formula (7) Error (%)
RC-1 1471.50 1553.30 1548.53 1612.32 1526.23 1542.38 1548.53 1419.67 8
RC-2-1 2654.89 2910.25 2967.48 2938.08 2781.00 2850.34 3010.25 2833.62 0.6
RC-2-2 3017.00 3008.29 3026.02 3110.64 3125.31 3057.45 3118.29 2921.90 4.4
RC-2-3 3133.54 3146.81 3046.87 3237.70 3304.70 3173.92 3246.81 3083.75 2.8

Note. Ngxp is the test bearing capacity. Nggy is the bearing capacity of finite element analysis. N is the calculated bearing capacity.

columns strengthened with prestressed steel casing can be
simplified as follows:

N, =bf.A + f A, (7)

where b is the prestress increase coeflicient, which is ob-
tained by fitting from the relationship between prestress f
and bearing capacity of steel casing by Origin software,
b=0.005f+ 3.40.

The calculated results of formula (7) are compared with
the experimental data and summarized in Table 3. It can be
seen from Table 3 that the calculation results of formula (7)
are in good agreement with the measured values.

5. Conclusions

In this article, the prestressed steel casing reinforcement
method was proposed. Through the axial compression test
and numerical simulation of 20 columns, the following
preliminary conclusions can be drawn:

(1) Compared with the original column, the ultimate
bearing capacity of reinforced concrete columns
strengthened with prestressed steel casing is in-
creased by 72.1%-109.9%, and the ductility is also
greatly improved.

(2) The calculation formula of the axial compression
bearing capacity of reinforced concrete columns
strengthened with prestressed steel casing provided
in this article has good applicability. Compared with
the experimental values, the theoretical calculation
formula has sufficient accuracy.

(3) The reinforcement effect of the prestressed steel
casing reinforcement method is obvious, which is
suitable for rapid repair and reinforcement of con-
crete columns that need to greatly improve the
bearing capacity in a short time.

(4) ABAQUS software was used to model and analyze
the test process. The results show that the finite el-
ement results are in good agreement with the test
results. The comparative analysis results of models
under different prestress levels show that when the
prestress of steel casing is 0 N/mm?, 24.68 N/mm?,
and 67.90 N/mm®, the simulated bearing capacity
increases by 94%, 101%, and 110%, respectively.
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The deployable bridge based on scissor structures is one of the effective methods to quickly restore traffic after natural and man-
made disasters. Scissor structures have the advantages of high storage rate, lightweight, and convenient storage and transportation.
However, when scissor structures are used as load-bearing structures, their stiffness and bearing capacity are low. In this study, a
three-dimensional deployable bridge based on the cable-strengthened scissor structures was proposed. In addition to rapid
expansion, steel cables were used to strengthen scissor structures to improve the stiffness and bearing capacity. Besides, the static
loading comparative tests on cable-strengthened scissor structures and traditional scissor structures (cable-free scissor structures)
were performed. The results show that the stiffness of the cable-free scissor structure is small, the bending moment of members is
large, and the stress distribution is uneven. The stiffness of cable-strengthened scissor structure is significantly improved; the
bending moment of members is significantly reduced; and the stress distribution in the member section is more uniform. It is
proved that cables can be used to improve the stiffness and load-bearing capacity of scissor structures without affecting

the deployability.

1. Introduction and Background

The deployable bridge system is an ideal solution for rapid
traffic recovery after natural and man-made disasters. This
bridge should have the characteristics of fast transportation,
convenient installation, and rapid dismantling to meet the
requirement of rapid erection and multiarea reuse in the
assigned areas, and scissor structures can realize this goal.
Scissor structures are composed of several scissor units, and
each scissor unit is composed of two members connected
through the rotary joints (pivots). The units are inter-
connected through hinges at their end nodes. In this way,
scissor structures have a certain degree of freedom, which
can be expanded from a compact packaged state to a large
deployed state. This kind of structure is an ideal solution for
deployable bridges.

Scissor structures have been widely used, and the geo-
metric and kinematic structures have been mainly studied in

the past few years. As a subclass of deployable structures,
scissor structures have the advantages of high storage rate,
easy conversion, and lightweight. Scissor structures are
widely used in small structures such as mobile tents and
antennas and slightly large structures such as mobile theatres
[1], domes [2], and shelters [3]. Since low requirements of
the stiffness and bearing capacity are required for scissor
structures in most applications, the research mainly focuses
on the geometric and kinematic of the structures. Pinero was
the first to introduce the concept of the scissor unit [1].
Using simple scissor units, he designed a mobile theatre and
won an architectural competition in London in 1961. Fol-
lowing Pinero, Escrig and Valcarcel developed new spatial
grids and patterns composed of two- and three-way scissors
for deployable arches, domes, and large-scale umbrellas
[4, 5]. Hoberman proposed a novel concept composed of
angulated elements that led to the design of radially
deploying closed-loop structures [6, 7]. Pellegrino and You
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took Hoberman’s concept a step further and discovered
generalized angulated elements to be used as a building
block [8]. Feray Maden and Kelvin Roovers et al. gave the
design methods of planar open-loop scissor structures and
space lattice scissor structures, respectively [9, 10]. Decan
Mao, Yaozhi Luo, and Zhong You discussed the movability
of planar closed-loop scissor structures [11]. Jianguo Cai and
Yao Chen et al. studied the motion trajectory and motion
singularity of plane closed-loop scissor structures [12, 13].
Yenal Akgiin and Charis J. Gantes proposed a modified
scissor-like element (M-SLE), which can change the ge-
ometry of the whole system without changing the size of the
bars or the span [14, 15].

Scissor structures are rarely used as a load-bearing
structure of the bridge or building in engineering, and the
corresponding mechanical properties are studied insuffi-
ciently. Igor Raskin and John Roorda conducted a series of
studies on the mechanical performance of scissors columns.
First, the compressive and flexural stiffness of linearly
arranged scissors columns were derived under the as-
sumption of geometric linearity [16]. Second, the scissors
column was equivalent to a segmented column connected by
a bar with infinite bending stiffness and a spring between the
bars; then the calculation method of the compressive
buckling capacity of the segmented column was given [17].
Finally, the geometric nonlinear analysis of the compressive
deformation of the scissors column was carried out. Bo Li
and San-Min Wang et al. studied the compressive buckling
capacity of scissors columns with the consideration of self-
weight [18]. Raskin and Roorda compared the stiffness of six
scissor structures with different unit geometry [19]. Yu et al.
proved theoretically that the steel cables can improve the
stiffness and bearing capacity of scissor structures [20]. In
recent years, Yuki Chikahiro and Ichiro Ario et al. have been
engaged in the research and development of deployable
bridges based on scissor structures and conducted a series of
theoretical research, numerical simulation, and light vehicle
load tests of full-scale bridges. According to the previous
research, additional reinforcement members have been
proposed to improve the load-bearing capacity of the bridge
under static and dynamic loads [21-25].

In this study, a three-dimensional deployable bridge
based on a cable-strengthened scissor structure was pro-
posed. Compared to traditional scissor structures (i.e., cable-
free scissor structures), the load-bearing capacity and
stiffness of the proposed cable-strengthened scissor structure
were greatly improved. Previous studies have confirmed that
when scissor structures are used as load-bearing structures,
the bending moment of members is large, the stress dis-
tribution in the member section is uneven, and load-bearing
capacity of structures is reduced. In this study, the use of
steel cables to the strengthen scissor structure was proposed
to improve its bearing capacity and stiffness. Different from
reference [20], our scissor unit has only upper and lower
steel cables instead of many continuous cables, which can
reduce the friction and avoid the complex design of the
structure. To study the role of steel cables and pretension in
scissor structures, the static loading tests of a cable-free
scissor structure and a cable-strengthened scissor structure
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were performed, and the static performance of the two
structures was analyzed and compared through the exper-
imental data. The experimental results show that the stiffness
of cable-free scissor structure is small, resulting in a large
displacement of the structure, large bending moment of the
member, and uneven stress distribution. The stiffness of the
cable-strengthened scissor structure is significantly im-
proved; the bending moment of the members is significantly
reduced; and the stress distribution is more uniform. As a
result, the load-bearing capacity of the cable-strengthened
scissor structure is greatly improved.

2. Description of the Structural System

Figure 1 shows the schematic diagram of the deployable
bridge proposed in this study. The bridge adopts a deck
structure; the upper part is a modular deck system; and the
cable-strengthened scissor structure is used as the lower
bearing structure. The bridge deck system consists of the
bridge deck and the lower longitudinal beam. During in-
stallation, the end of the longitudinal beam is connected with
the buckle at the node of the substructure so as to form the
whole deployable bridge system.

The lower bearing structure of the bridge is composed of
the cable-strengthened scissor structure based on the
modular design. Two steel cables are used to connect the
upper and lower nodes of the cable-free scissor unit (Fig-
ure 2) to form a planar element (Figure 3). The steel cables in
the element do not affect the expansion and contraction of
the scissor structure, and the expansion angle can be ac-
curately controlled. When the scissor structure is expanded
to the design angle with the help of a deployable controller,
the expected expansion shape of the structure is obtained,
and the application of pretension is completed simulta-
neously. The four planar elements can be connected to form
a three-dimensional element, that is, a module (Figure 4).
Similar to the planar element, the module can expand and
contract freely without being affected by the steel cables.
When the module is tightened, it can shrink tightly into a
bundle, contributing to a high storage rate (Figure 5). To
prevent the relative shear deformation between planar el-
ements, two crossed steel cables are added to the upper and
lower surfaces of the module to form a geometrically in-
varjant system. The modules are overlapped along the di-
rection of the steel cables to form the bearing structure of the
cable-strengthened scissor structure at the lower part of the
bridge, as shown in Figure 1.

3. Test Procedures

According to the deployable bridge system proposed in this
study, a self-made scale model of the lower bearing structure
(Figure 5) was used (i.e., cable-strengthened scissor struc-
tures) to test its static performance. The relevant conditions
of the test are described as follows.

3.1. Introduction of Model-Related Data. The test model: the
test model was composed of three three-dimensional ele-
ments, and planar elements of the overlapping part were
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FiGure 1: Deployable bridge model.

X

F1GURE 2: Scissor unit.

\Jle

Hinge

FiGURE 3: Planar element.

Fi1GURE 4: Three-dimensional element.

removed. The size of each three-dimensional element in
three directions after the expansion was 0.5m. The length,
width, and height of the combined test model were 1.5m,
0.5m, and 0.5m, respectively, as shown in Figure 6. The
included angle between scissor members in each element
was about 45°. In this way, the lengths of all members were
equal, and the lengths of all steel cables connecting the
scissor structure were equal in the longitudinal, transverse,
and vertical directions. In this test, the influence of steel
cables and pretension on stiffness and bearing capacity, the
axial force, and the bending moment of members were
mainly observed. Therefore, a planar structure along the
length direction can be tested to achieve the purpose of the
test. The opposite structure and scissor units in the width
direction only played a supporting role. During the test, the
steel cables of the opposite plane structure and the units in
the width direction were completely released. As a result,
when the tested structure was displaced, restraining effects
can be avoided. Since the relative movement of two planar
structures in the length direction would not occur, the cross
steel cables were not set to prevent relative movement in this
test.

3.1.1. Scissor Elements in the Model. The bars of the scissor
elements in the model were Q345 B steel commonly used in
construction engineering, with the specification of
30x3mm steel pipe with an elastic modulus of
2.06 x 10° MPa. The length of each bar was 730 mm; the holes
of 10 mm diameter for connection were set at both ends and
the middle of the bar; the distance between the center of the
hole diameter at both ends was 707 mm; and the bars were
connected by bolts.

The cables in the model consisted of three parts: steel
wire rope, cable force measuring device, and wire tightener
(Figure 7). The 7x19 steel wire rope with a diameter of
42mm was used as the steel wire rope, and its elastic
modulus was calibrated by an electronic universal testing
machine. Finally, the value of its elastic modulus was de-
termined to be 1.88 x 10° MPa. To adjust the tension of the
steel cables during the test, tighteners that can adjust the
length were added to the steel cables. A section of 304
stainless steel bar with a length of 5cm and a diameter of
10mm was connected to the steel cable, and its elastic
modulus was 1.92 x 10° MPa. Strain gauges were pasted on
the surface of the steel bar to control the pretension of the
steel cable.

3.2. Introduction to Loading Methods. In this test, the loading
of the cable-strengthened and cable-free scissor structure
models were conducted to compare the relevant data of the
two models.

3.2.1. Loading of the Cable-Strengthened Scissor Structure
Model. The four corners of the model were placed on the
smooth steel plate, and a 5 cm thick steel plate was installed
at the two points of the upper middle part of the scissor
structure along the length direction, and the jack was set in
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FIGURE 5: Physical model.

(b)

FIGURE 6: Test models: (a) cable-strengthened structure and (b) cable-free structure.
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F1GURE 7: Details of steel cable composition.

the middle of the two points for loading, as shown in
Figure 6(a). Before the test, the same pretension was applied
to all the cables, and the structure was loaded and unloaded
repeatedly so as to eliminate the nonlinear effect caused by
the cables. In the data measurement, the designed pretension
was first applied to the model by adjusting the tightener, and
the magnitude of the pretension was obtained by the strain
of the cable force measuring device. Second, the strain gauge
was zeroed to remove the influence of gravity and pretension
on the test data of the model and steel plate. Finally, under
each kind of pretension, the structure was loaded step-by-
step with no less than five levels, and the data were collected
simultaneously.

3.2.2. Loading of Cable-Free Scissor Structure Model. In the
model of cable-free scissor structure, all the steel cables were
released in the cable-strengthened scissor structure model,
and steel pipes were added on both sides of the model; the
diameter of the steel pipes was the same as that of the scissor
members, as shown in Figure 6(b). The loading conditions
were the same as that of the cable-strengthened scissor

structure. The structure was loaded three times, and the
structure was loaded step by step with at least five levels, and
the data were collected simultaneously.

3.3. Data Determination Method. This test aimed to obtain
the influence of the steel cable and pretension values on the
structural stiffness and bearing capacity, the variation of the
axial force, and the bending moment of members with the
external load. Because this symmetrical structure bore the
symmetrical load, strain gauges were arranged at the
designed position in the plane, as shown in Figure 8. Two
strain gauges were symmetrically arranged at position C of
bar 1 to measure the surface strain caused by the bending
moment (hereinafter referred to as bending strain) on the
surface of bar 1 at this point. Two strain gauges were
symmetrically arranged at positions A and L of bar 1 to
measure the strain caused by the axial force (hereinafter
referred to as axial strain) on the surface of bar 1 at these
points. Two strain gauges were symmetrically arranged at
position D of bar 2 to measure the bending strain of bar 2 at
this point, and two strain gauges were symmetrically
arranged at positions A and F of bar 2 to measure the axial
strain of bar 2 at these points. Two strain gauges were
symmetrically arranged at position D of bar 3 to measure the
bending strain of bar 3 here, and two strain gauges were
symmetrically arranged at positions B and E of bar 3 to
measure the axial strain of bar 3 here. A strain gauge was set
on the preset steel bar in each section of the steel cable of the
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500 mm

FIGURE 8: Layout of measuring points in the test model: (a) cable-strengthened structure model and (b) cable-free structure model.

model to control the pretension applied to the steel cable.
Two displacement meters were set at positions L and E to
measure the vertical displacement of the model during
loading.

4. Analysis of Test Results

According to the above test scheme, the relationship be-
tween node displacement and the load of the two structures
are obtained, as well as the relationship between surface
strain at measuring points and load. The detailed test results
are analyzed as follows.

4.1. Analysis on Static Performance of the Cable-Strengthened
Scissor Structure. In the static test of the cable-strengthened
scissor structure, four different pretensions are applied to the
structure. The value of pretension is controlled by the strain
gauges of the cable force measuring device. The control value
of strain and corresponding tension are listed in Table 1. The
influence of pretension on structural stiffness, internal force,
and stress distribution is analyzed by using the collected
data. The conclusions are obtained as follows: if the steel
cables are in service, the pretension value of the steel cables
basically has no effect on the stiffness. If the cables are out of
service, the stiffness will be significantly reduced. The pre-
tension value rarely affects the internal force of the structure
with the change of load, and the stress distribution in the
cross section is relatively uniform. The detailed analyses of
the test results are as follows.

4.1.1. Effect of Cable Pretension on Stiffness. The load-dis-
placement curves of Nodes L and E are shown in Figure 9.
The slope of the load-displacement curve reflects the stiffness
of the structure. As shown in Figure 9, each curve can be
roughly divided into two obvious sections. The lower part of
the curve describes the working state of the upper cables and
the lower cables, while the upper part of the curve describes
that of the lower cables. First, the slopes of the lower part of
the curves are approximately equal. This shows that when
the upper and lower cables are all in service, the stiffness of
the structure is not affected by the pretension value. Second,
the upper part of the curve approximates a straight line with

5
=
=
o
R
(b)
TaBLE 1: Control strain of cable pretension.
Case Case 1 Case 2 Case 3 Case 4
Strain (ue) 300 400 500 600
Pretension (N) 452 603 754 905

Load (kN)

5
2 3 4 5 6 7
Displacement (mm)
@ casel W case3
A case2 case4

FiGure 9: Load-displacement curve of the cable-strengthened
structure.

a very close slope. This shows that when the upper cables are
out of service, the stiffness of the structure is still not affected
by the pretension value, but whether the steel cables are in
service has a great impact on the stiffness. The turning point
of the curve indicates that the upper cables start to quit work
at this time.

4.1.2. Effect of Pretension of Steel Cables on Internal Force.
To clearly explain the influence of pretension on the internal
force of the structure, bar 1 is taken as an example, and its
load-bending strain curves and load-axial strain curves



under different pretensions are obtained, as shown in Fig-
ure 10. The longitudinal axis in the figure represents the
external load, and the horizontal axis represents the bending
strain or axial strain.

4.1.3. Effect of Pretension on Bending Moment. Although the
positions of each curve in Figure 10(a) are different, the
overall shape of the curve is basically the same as the above
load-displacement curve. Each curve can be divided into two
distinct sections, corresponding to the working state of the
upper cables and the lower cables and that of the single lower
cables. The slope of the lower part of the curve is approx-
imately the same. It shows that when the upper and lower
cables are all in service, the variation law of the bending
moment of the member with the load is hardly affected by
the pretension value. The slope of the upper part of the
curves is also close, indicating that when the upper cables are
out of service, the variation law of the bending moment of
the member with the load is still not affected by the pre-
tension value. However, it can be found that the bending
moment increases rapidly after the upper cables are out of
the service.

4.14. Effect of Pretension on the Axial Force.
Figure 10(b) shows the influence of pretension on the axial
force. These curves show a straight-line rising, and the slope
is the same, which shows that the value of pretension has no
influence on the change of axial force and has nothing to do
with whether the steel cables are in service or not.

4.1.5. Effect of Cable Pretension on Stress Distribution.
The value and type of the internal force borne by the
member directly determine the design of the cross section.
To study the member stress in the cable-strengthened
scissor structure, the bending strain at the pivot (position
C) and the axial strain of bar 1 are compared. Figure 11
shows ratio curves of bending strain to axial strain of bar 1
with the change of load. The horizontal axis presents the
ratio of the bending strain to axial strain, and the longi-
tudinal axis presents the external load. As shown in Fig-
ure 11, the ratio is between 1 and 2, indicating that the
bending strain is greater than the axial strain. In the design
of this structure, the effect of bending moment cannot be
ignored. The ratio curve of bending strain to axial strain can
be divided into two sections, corresponding to the working
state of the upper and lower cables and the single working
state of the lower cables. In the lower part of the curve, the
ratio decreases with the increase of load, which shows that
the growth rate of bending moment is less than that of axial
force. In the upper part curve, when the upper cables are
not in service, the ratio begins to increase rapidly with the
increase of load, which also indicates that the bending
moment is accelerating. Through the comparison of the
curves, it can be concluded that the joint working of the
upper and lower cables is important, while this is depen-
dent on specific conditions.
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4.2. Static Performance Analysis of the Cable-Free Scissor
Structure. After the static test of the cable-strengthened
scissor structure, all the steel cables in the structure are
released, and vertical bars are added at both ends of the
scissor structure; then a stable symmetrical structure is
obtained, as shown in Figure 6(b). The same test equipment
is used to load the structure three times, and the structure is
loaded step by step for no less than five levels. The data of
displacement, bending strain, and axial strain of the
structure are collected simultaneously. The test results show
that the stiffness of the cable-free scissor structure is rela-
tively small, and the overall deformation of the model under
load is clear. The bending strain at the pivot of the member is
very large, and the bending moment is an important ref-
erence index for the design of the cable-free scissor structure.

4.2.1. Stiffness of the Cable-Free Scissor Structure.
Figure 12 shows the displacement-load curve of the cable-
free scissor structure. Through observation, it can be seen
that the displacement-load relationship is linear in general.
When the load is large, the relationship between them shows
a nonlinear trend. When the load reaches 9kN, the dis-
placement of the structure has exceeded 8 mm, and the
overall displacement is extremely large. The above situation
is shown in the test: with the increase of load, the middle
element moves downward, and the displacement increases
gradually. When the load is large, the elements on both sides
begin to rotate inward and drive the vertical bars at both
ends to rotate inward obviously. The large deformation of
the structure makes the structure show a certain nonline-
arity. The above data and phenomena show that the stiffness
of the cable-free scissor structure is relatively small.

4.2.2. Internal Force of the Cable-Free Scissor Structure.
Figure 13 shows the load-bending and load-axial strain
curves of bars 1, 2, and 3. In the elastic range, the relationship
between load and strain can directly reflect the relationship
between load and internal force.

The curves in Figure 13 show obvious linearity. However,
when the load is large, individual points deviating from the
straight line can be observed. This is caused by the structural
geometric nonlinearity due to the large deformation of the
structure under the large load. As shown in Figure 13(a), the
bending strains of bars 1 and 3 are relatively large. Under the
same load, the bending strains of bars 1 and 3 are several
times the axial strain in Figure 13(b). It indicates that the
bending moment of some members of the cable-free scissor
structure is very large, which is unfavorable to the load-
bearing capacity of the structure.

4.2.3. Stress Distribution in the Member Section of the Cable-
Free Scissor Structure. From the above data, it can be seen
that bar 2 is located at the support, and the support reaction
is large, resulting in a large axial force but a small bending
moment. bar 3 is located at the edge of the structure, with
small axial force and large bending moment. Therefore, the
internal forces of bars 2 and 3 are special. And the
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FIGURE 10: Load-internal force strain curve of bar 1 in the cable-strengthened structure: (a) load-bending strain curves and (b) load-axial

strain curves.
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FIGURE 11: Ratio curves of the bending strain and axial strain of bar
1 in cable-strengthened structure.

characteristics of stress distribution in the member section of
the cable-free scissor structure are discussed by using bar 1.
Table 2 lists the bending strain, axial strain, and their ratio at
the pivot of bar 1 under the load. Through the analysis of
data, the bending strain under load is much larger than the
axial strain. Although the ratio decreases with the increase of
load, the bending strain is still several times the axial strain.

Load (kN)

4 5 6 7 8
Displacement (mm)

FIGURE 12: Load-displacement curves of the cable-free structure.

As a result, the uneven distribution of stress is caused; the
section size of the member is too large; and the strength of
the material cannot be fully used, which is not conducive to
reducing the weight of the structure.

4.3. Comparison of Static Performance between the Cable-Free
Scissor Structure and the Cable-Strengthened Scissor Structure.
The data obtained from the two tests are used for the
subsequent analysis. When the strain of the cable force
measuring device is 300 ue, the relevant data of the cable-free
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FIGURE 13: Load-strain curve of bar 1 of the cable-strengthened structure: (a) load-bending strain curves and (b) load-axial strain curves.

TaBLE 2: Comparison of bending strain and axial strain of bar 1 of the cable-free scissor structure.

Load (kN) 45 5.1 6 6.8 7.7 8 9.2
Bending strain (pe) 635 720 824 927 1,019 1,109 1,208
Axial strain (pe) 49 67 89 115 131 150 175
Ratio 13 10.7 9.3 8.1 7.8 7.4 6.9

and cable-strengthened scissor structures are compared. The
analysis results show that the existence of steel cables in-
creases the stiffness of scissor structures, the internal force is
relatively reduced, and the stress distribution in the cross
section is more uniform. Therefore, steel cables play a very
intentional role in the load-bearing of the structure. The
specific analysis is as follows.

4.3.1. Comparison of Stiffness. Figure 14 shows the load-
displacement curves of the cable-free and cable-strength-
ened scissor structures. Through comparison, it can be
found that the slope of the two curves of the cable-
strengthened scissor structure is greater than that of the
cable-free scissor structure. It indicates that steel cables can
significantly improve the stiffness of scissor structures. This
conclusion can be proved by comparing displacements
under the same load. For example, when the load is 7 kN, the
displacement of the cable-strengthened scissor structure is
about 3 mm, while that of the cable-free scissor structure has
reached about 7 mm, and the displacement of the latter is
more than twice that of the former.

4.3.2. Comparison of Internal Force. Figure 15 shows the
load-bending strain curves of bar 1 of the cable-free and
cable-strengthened scissor structures. It is found that the

slope of the two straight lines of the cable-strengthened
scissor structure is greater than that of the curve of the cable-
free scissor structure, which shows that the bending moment
of the member of the cable-free scissor structure increases
faster with the increasing external load. Under the same
load, the strain of the cable-free scissor structure is much
larger than that of the cable-strengthened scissor structure,
which indicates that steel cables can reduce the bending
moment of the members of scissor structures. Figure 16
shows the load-axial strain curves of the two, the slope of the
curve is basically the same, and the axial force of the cable-
strengthened scissor structure is slightly higher than that of
the cable-free scissor structure. To comprehensively com-
pare the stress conditions of the two structures, the sum of
bending strain and axial strain is taken for comparison, as
shown in Figure 17. It can be seen that the comprehensive
strain of the cable-free scissor structure is significantly
higher than that of the cable-strengthened scissor structure.
The above analysis shows that the application of steel cables
can greatly reduce the internal force of scissor structures.

4.3.3. Comparison of Stress Distribution. As shown in Fig-
ure 11 and Table 2, the ratio of bending strain to axial strain
of the cable-strengthened scissor structure is basically
maintained at 1~2 times, while the bending strain of bar 1 in
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FiGURE 14: Load-displacement comparison curves of structures with and without steel cables.
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FIGURE 15: Load-bending strain comparison curves of structures with and without steel cables.

the cable-free scissor structure is several times of the axial
strain. It shows that compared with the cable-free scissor
structure, the addition of steel cables makes the stress

distribution in the member section more uniform, which is

conducive to improving the load-bearing capacity of the
structure.
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FIGURE 16: Comparison of the load-axial strain of structures with and without steel cables.
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Ficure 17: Comparison of the comprehensive strain of structures with and without steel cables.

5. Conclusion

In this paper, a three-dimensional deployable bridge based
on a cable-strengthened scissor structure was proposed. In
addition to rapid expansion, steel cables were used to
strengthen the scissor structure to improve the stiffness and
bearing capacity. The static loading comparative tests on the
cable-strengthened and cable-free scissor structures were
performed. The conclusions are obtained as follows:

(1) The stiffness of the cable-free scissor structure is
relatively small, resulting in a large displacement of

the structure, large bending moment of the member
section, and uneven stress distribution.

(2) The stiffness of the cable-strengthened scissor
structures is significantly improved; the bending
moment of the members is significantly reduced; and
the stress distribution is more uniform. As a result,
the load-bearing capacity of the cable-strengthened
scissor structure is greatly improved.

(3) The static loading comparative tests show that the
addition of steel cables significantly improves the
stiffness of scissor structures, greatly reduces the
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internal force, and the stress distribution in the
member section is more uniform so as to improve
the load-bearing capacity of scissor structures.
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The present study is to investigate the stability of the backfill subgrade on the lower bearing capacity foundation. A finite element
(FE) model was constructed to simulate the high-filled road subjected to the actual self-weight load. The strength reduction
method was adopted to establish an analysis model of slope stability. At the same time, the sensitivity analysis of the factors
affecting the slope stability was carried out through parametric studies, including the elastic modulus, cohesion, internal friction
angle, and slope rate. The results showed that the slope stability analysis model established by the strength reduction method can
characterize the stability of the slope by calculating the slope safety coefficient. The mutation point of the relationship curve
between the displacement generated in the slope and the reduction coefficient can be used as the criterion. Under the condition of
a given strength reduction coeflicient, the calculated results obtained through FE modeling can show the development of the

equivalent plastic zone in the form of cloud diagrams.

1. Introduction

Road slope refers to the infrastructure constructed or modified
to meet the needs of road construction [1-5]. The slope formed
under certain conditions (topography and geology) will break
the previous mechanical balance into an unstable body due to
changes in external factors. Under the action of its own weight
or other loads, it will follow a certain relatively weak surface
[4, 6, 7]. A landslide is a kind of bad geological phenomenon
such as sliding downwards as a whole, intermittently slowly,
and sometimes even suddenly. The factors that cause landslides
include excavation of side slopes, rapid embankment filling,
earthquakes, river erosion, sudden drops in reservoir water
levels, and heavy rains [6, 8-10]. The slope is not only a special
geological environment but also an important part of engi-
neering construction. Due to the construction demand for a
large number of highway projects in recent years, the stability
of the slope during the construction process is a link that
cannot be ignored [11-14].

In the past, there were various approximate methods and
specialized methods, which can be used to calculate the
global safety factor that depends on the slope height, the
steepness, and the constitutive properties of the soil con-
stituting the slope. Nash [15] conducted a comprehensive
review of many classic slope stability analysis methods. The
limitation of many of these classical methods is that
Mohr-Coulomb shear strength behavior with a fixed friction
angle is usually assumed because of the inherent application
of simple statistical methods to the soil. Approximately, the
calculation of stress and related shear strength is a con-
tinuous mechanical problem with static uncertainties
[16-18]. To reduce manual trials and errors associated with
these technologies, such as slicing methods, many engi-
neering software packages have been developed, but most
software packages still use simple static methods to ap-
proximate soil stress and strength [19-22].

In the FE analysis, the method of increasing the ex-
ternal load or reducing the material strength of the rock-
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soil mass is the earlier method adopted [23, 24]. The
stability analysis of these slopes mainly includes the
judgment basis of slope instability, the stability of the
excavated slope, the comparative analysis of the selection
of different software, and the analysis of the internal force
of the slope with the supporting structure [25, 26]. In
recent years, the FE method has been increasingly used to
predict the displacement and stress in statically indeter-
minate slopes, dams, and embankments [5, 13, 14, 27-45].
The potential attractiveness of calculating slope stability in
a continuum/finite element framework lies in many
previous studies [7]. The equilibrium stress, strain, and
related shear strength in the soil have been calculated
accurately in the studies conducted by Aryal and Duncan
[41, 44]. The general material models of soil (including
Mohr-Coulomb and many other models) have been
employed in the studies conducted by Ardah et al. [46].
The FEM method has been applied in 2D or 3D with
complex slope combinations and soil sediments to model
almost all types of mechanisms [47]. The FEM method has
also been extended to address the damage caused by
leakage, brittle soil behavior, random “yield soil” prop-
erties, and interventions such as engineering geotextiles,
soil nails, drainage ditches, and retaining walls
[5, 38, 40, 42-45]. To fully understand the stability con-
dition of the backfill soil on the high-filled road with lower
foundation bearing capacity, this article adopts the classic
slope stability analysis method. In this method, the in-
clined soil is subjected to the actual self-weight load, and
the purpose is to find a continuous surface through the
soil that has the smallest safety coeflicient against the slip
or shear failure. The safety coefficient is defined as the
degree to which the shear strength of the soil is reduced so
that the slope has just reached the critical failure state.

2. Research Objective and Overview

The present study is to investigate the stability condition
of the backfill soil on the high-filled road with lower
foundation bearing capacity, as shown in Figure 1. A FE
model was constructed to simulate the high-filled road
subjected to the actual self-weight load. The strength
reduction method was adopted to establish an analysis
model of slope stability. At the same time, the sensitivity
analysis of the factors affecting the slope stability was
carried out through parametric studies, including the
elastic modulus, cohesion, internal friction angle, and
slope rate. Under the condition of a given strength re-
duction coefficient, the simulation results obtained by
ABAQUS software show the development of the equiv-
alent plastic zone in the way of cloud maps. The slope is
stable under the reduction factor when the failure of
transfixion or local yield failure occurs. If the reduction
coeflicient continues to increase, the slope is in a critical
failure state when the plastic strain between adjacent it-
erative steps increases too much or the equivalent plastic
strain reaches the yield limit at some nodes, and the
strength reduction coeflicient is positioned as the mini-
mum safety factor of the overall stability of the slope.
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3. Model Construction

In the present study, the FE method was adopted. In this
method, a structure is regarded as a whole composed of a
finite number of elements through nodes [5, 14, 30]. Except
for the nodes which are fixed on the boundary, the dis-
placement of each node that can produce displacement can
be calculated by using equilibrium conditions, and then the
internal forces of each element can be calculated by the node
displacement [33-35].

In the finite element analysis of the strength reduction of
the slope, the stability of the slope usually adopts the non-
convergence of the solution as the failure criterion [48]. Within
the maximum number of iterations, if the calculation fails to
converge, it means that no stress distribution that can satisfy
both the failure criterion and the overall balance is found,
which means that the soil has been damaged. Specifically, the
actual strength parameters ¢’ and ¢’ of the backfilled roadbed
are divided by a reduction factor Fi;, at the same time to obtain
a set of new values of ¢” and ¢" after reduction, i.e.,

n c
c = )
F trial
(1)
" !
¢ = arctan tan ¢ |
trial

Then, the reduced values of ¢" and ¢" are taken into the
trial calculation of finite elements as new material param-
eters [49, 50]. When the finite element calculation converges,
the value of Fi, is slightly larger, and then the trial cal-
culation is carried out until the finite element no longer
converges, which indicates that the soil reaches the critical
limit state and the slope shear failure occurs. At this time, the
critical slip surface and safety factors are obtained.

The gravity load is determined by the following method
[51, 52]. On each one of the finite elements, the gravitational
load generated by the weight of the soil can be obtained by
the following equation:

p(E) — Y J SeNTdS, (2)

in which § is the area of the element; e is the element number.
The result of this integration is to take the product of the area of
each element and the weight of the soil as the element’s gravity
load and then distribute it to each node. Various complex
constitutive models can be considered in the FE analysis, but
the most common in engineering analysis is the ideal elasto-
plastic model because the results of the ideal elastoplastic model
are the most comparable to the results of the limit equilibrium
method. For general road slopes, the shear failure of the soil is
mainly controlled, and the calculation accuracy of the distri-
bution and size of the plastic zone is relatively high, and the
requirements for the displacement are relatively low.

In the present study, the Mohr-Coulomb plastic model
was employed to characterize the constitutive property of the
soil. The yield criterion of the Mohr-Coulomb model is
assumed as follows. When the shear stress acting on a certain
point is equal to the shear strength of that point, the point
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FIGURE 1: Research objective and overview.

will be broken, and the shear strength has a linear rela- The bounding and unbound pavement materials (in-
tionship with the normal stress acting on the surface. The  cluding the surface layer, base layer, and subbase layer) were
yield surface equation of the Mohr-Coulomb model [53,54]  simplified to one type of material property [57]. Elastic

can be presented as follows: behavior without plastic deformation characterized by
Young’s modulus and Poisson’s ratio was adopted for the
F=R,g-ptan ¢-c=0, (3)  pavement materials. The density of the backfill soil was

determined as 1800 kg/m’. Regarding the Mohr-Coulomb

in which ¢ (6, f%) is the friction angle on the meridian plane;  parameters of the backfill soil, the cohesion was determined

c(e7#,0, f*) represents the changing process of the cohesive a5 15, 20, and 25 kPa, respectively. The internal friction angle

force of the material according to the isotropic hardening was selected as 25° and 30°, and two elastic moduli of 50 MPa

model. p is the equivalent compressive stress. g is the Mises  and 100 MPa were determined. The foundation with the

equivalent stress. R, is the deviatoric stress coeflicient of the lower bearing capacity was characterized by silty clay and

Mohr-Coulomb model [55, 56], which can be defined as mud clay [48]. The corresponding Mohr-Coulomb pa-
1 w1 - rameters are shown in Table 1 as well.

R,.(0,9) = N 7 sin<9 + §> + 5cos<6 + g)tan ¢,

4 32 Physical Size of the Whole Model. Figure 2 gives the

physical size of the whole model, including the pavement,

in which ¢ is the bevel angle of the yield surface of the  subgraded by the backfill soil, and the foundation with lower

Mohr-Coulomb model on the P-RMCQ plane, and it bearing capacity [48].

generally refers to the internal friction angle of the material. These physical sizes were determined according to earlier

0 is the direction angle of the generalized shear stress. studies [36-42]. The slope angle « is an important parameter

considered in the present study, and it varied for different

values (tana=1:1; 1:1.25; 1:1.5; 1:1.75; 1:2) to evaluate

3.1. Material Properties. Four types of civil engineering the effects on the slope stability. To reduce computations,

materials were adopted in the present simulation [48]. Ta- only half of the high-filled subgrade FEM model (symmetric

ble 1 gives the material properties. model) was constructed. The width of the pavement was
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TaBLE 1: Material properties.
Materials Density, p (kg/ma) Cohesion, ¢ (kPa) Internal friction angle, ¢ (°) Elastic modulus, E (MPa) Poisson’s ratio, y
Pavement materials 2100 — — 1200 0.35
Backfill soil 1800 15, 20, and 25 25 and 30 40, 60, 80, and 100 0.35
Silty clay 1750 14 22 45 0.4
Mud clay 1700 12 20 40 0.45
asphalt layer (0.2m)
15m /

»

«

Pavement 0.5 m

base layer (0.3m)

road slope

8.0m backfill soil
tana=1:1; 1:1.25;1:1.5; 1:1.75; 1:2
2.0m silty clay
8.0m mud clay
T 35m
symmetric

FiGure 2: High-filled road with the backfill soil.

selected as 15m according to the design of the conventional
highway. The length of the foundation was determined as
35m to support the subgrade by the backfill soil. The di-
mension of the FE model in the longitudinal direction can be
regarded as infinite since only the 2D model was employed
in this study. Under such conditions, the cross section of the
road structure was regarded as the research object of the
study, and the longitudinal length of the road structure was
considered infinite [48].

3.3. Meshing and Element Selection. Figure 3 gives the FE
meshing for different slopes used in the present study.

Element selection is the foundation for the FE analysis.
For the same FE model, different calculation results can be
obtained by using different elements. Regarding the FE
model in the present study, the solid element was the op-
timized one to simulate one part of the whole model. Since a
solid element can be connected to other elements through
any of its surfaces, it can construct almost any shape and
bear any load in the FE model.

To reduce the computations and improve the calculating
accuracy, the 8-node plane-strain-reduced (CPE8R) element
was adopted in the present FE simulation. It is a general
plane strain element, in fact, a special plane stress element,
which can be used to simulate a section of a very long
structure, such as a dam. It is understood that the plate or
shell element may be more efficient to solve the plane strain
problem considering the high efficiency during the appli-
cation. However, it should be noted that the research ob-
jective in the present study is about the subgrade and road
pavement, which are not satisfying the premise of plate or
shell theory. Therefore, the solid element, CPESR, was

employed in the present study. Also, it should be noted that
the structure containing the plane strain element should be
defined in the global X-Y plane, that is, for all nodes z=0.

4. Parametric Studies

4.1. Effects of Slope Angle. The soil was defined by the
Mohr-Coulomb model, which is the so-called rigid plastic
model or Saint-Venant model. Regarding the
Mohr-Coulomb model, when the stress of the soil is less
than the yield stress, the soil will not deform, just like a rigid
body. When the stress reaches the soil yield stress, the plastic
deformation will increase until the soil failure occurs.
Therefore, the equivalent plastic strain (PEEQ) should be
evaluated first, considering the proposed models. Figure 4
gives the results of PEEQ when the slopesare 1:1,1:1.25, 1
1.5, 1:1.75, and 1:2, respectively.

As shown in Figure 4, under the conditions of a given
strength reduction coefficient, the calculation results ob-
tained through the FE simulation can show the develop-
ment of the equivalent plastic zone in the form of cloud
diagrams. When the slopes were 1:5, 1:1.75, and 1:2,
respectively, failure to achieve penetration or local yield
failure indicates that the slope is stable under this reduction
factor, while when the slopes equal 1:1.25 and 1:1, the
plastic deformation between adjacent iteration steps at
some nodes increases too much or the equivalent plastic
strain reaches the yield limit. From the displayed results
(Figure 4), the plastic zone has penetrated the top of the
slope, and the equivalent plastic strain and displacement
have an infinite development trend, with obvious sudden
changes, indicating that the slope is already in a critical
failure state at this time.
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1) slope=1:1

(2) slope=1:1.25

3) slope=1:1.5

(4) slope=1:1.75

(5) slope=1:2
FiGUure 3: FEM meshes for the five types of slopes. (a) Slope=1:1. (b) Slope=1:1.25. (c) Slope=1:1.5. (d) Slope=1:1.75. (e) Slope=1:2.

Also, it can be observed that when the slopes are 1:1, 1:
1.25, 1:1.5, 1:1.75, and 1:2, the maximum PEEQ are
1.058e-2, 9.026¢-3, 8.999¢-3, 6.556¢-3, and 6.807¢-3. Basi-
cally, as the slope decreases, the maximum PEEQ decreases,
as shown in Figure 4. It can be indicated that reducing the
slope can improve the stability of the road slope. Also, it can
be observed that when the slope is lower than 1:1.75, the
maximum PEEQ tends to converge.

4.2. Effects of Cohesion and Internal Friction Angle. It can be
observed that, as the cohesion equals 15 kPa, the maximum
PEEQ for internal friction angles 25° and 30" are 1.058 x 10>
and 1.022x107%, respectively. A higher internal friction
angle can increase the value of maximum PEEQ. As the
cohesion equals 20kPa, the maximum PEEQ when the
internal friction angles equal 25° and 30° are 1.019 x 10~* and
1.023 x107%, respectively. However, as the cohesion in-
creases to 30kPa, the maximum PEEQ when the internal
friction angles equal 25° and 30" are still 1.019x 10> and
1.023 x 1077, respectively. This means that, as the internal
friction angles equal 25° and 30°, even the cohesion increases,
and the maximum PEEQ will remain the same.

Also, it can be observed that when the internal friction
angle equals 25°, the maximum PEEQ when the cohesions
equal 15kPa, 20 kPa, and 30 kPa are 1.058¢ %, 1.019¢ %, and
1.019¢™2, respectively. The result proves that 20 kPa is the
split point of the maximum PEEQ. When the internal
friction angle equals 30°, the maximum PEEQ when the
cohesions equal 15kPa, 20kPa, and 30kPa are 1.022e-2,
1.023e-2, and 1.023e-2, respectively. This result can also
prove that 20 kPa is the split point of the maximum PEEQ. It
can further be observed that the increase rate of the max-
imum PEEQ between 15 kPa and 20 kPa is very small (about
0.1%). Therefore, it can conclude that higher cohesion and
internal friction angle can decrease the maximum PEEQ, but
when the cohesion or internal friction angle is higher than
one constant value, the maximum PEEQ will remain the
same.

The cohesive force of the backfill has a great influence on
the overall stability of the slope. With the increase of the
cohesion of the backfill, the safety and stability factor also
greatly increases, indicating that when the cohesive force of
the subgrade soil is high, the stability of the roadbed slope is
also high. It can be seen from Figure 5 that the cohesion is
increased by 5kPa, and the stability coefficient can be



PEEQ

(Avg: 75%)
+1.058e-02
+9.697e-03
+8.815e-03
+7.934e-03
+7.052e-03
+6.171e-03
+5.289¢-03
+4.408¢-03
+3.526e-03
+2.645e-03
+1.763e-03
+8.815e-04
+0.000e+00

PEEQ (1): slope=1:1
(Avg: 75%)

+8.999¢-03
+8.249e-03
+7.499e-03
+6.749e-03
+6.000e-03
+5.250e-03
+4.500e-03
+3.750e-03
+3.000e-03
+2.250e-03
+1.500e-03
+7.499e-04
+0.000e+00

(3): slope=1:1.5
PEEQ
(Avg: 75%)

+6.807e-03
+6.239¢-03
+5.672e-03
+5.105e-03
+4.538e-03
+3.970e-03
+3.403e-03
+2.836e-03
+2.269e-03
+1.702e-03 P
+1.134e-03

+5.672e-04
+0.000e+00

increased by about 10%. When the cohesion is large, the
contribution to the safety and stability coefficient gradually
decreases. It can also be seen that if the backfill material with
greater cohesion is selected, the stability of the roadbed slope
can be significantly improved. The safety and stability factor
remains unchanged as the cohesive force of the weak
foundation changes. The main reason may be related to the
high fill height of the roadbed. Because when the height of
the roadbed is large, the additional stress generated by the
external load has a limited range, that is, the working area of
the roadbed does not penetrate deep into the soil foundation,
the influence of the change of the soil foundation material
parameters on the results can be almost ignored. Through
the above analysis, we can know the importance of subgrade
soil cohesion in highway engineering, and foundation co-
hesion has little effect on stability.

4.3. Effects of Elastic Modulus. According to the strength
reduction theory, when the finite element calculation does
not converge due to the reduction of strength parameters,
the slope shear failure occurs. Therefore, the reduction
coefficient of the strength parameter corresponding to the
last convergence calculation can be defined as the safety
coeflicient of the slope. Based on this determination crite-
rion, Figure 6 gives the relationship between the elastic
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PEEQ
(Avg: 75%)

+9.026e-03
+8.274e-03
+7.522e-03
+6.769e-03
+6.017e-03
+5.265e-03
+4.513e-03
+3.761e-03
+3.009¢-03
+2.256e-03
+1.504e-03
+7.522e-04
+0.000e+00

PEEQ (2): slope=1:1.25

(Avg: 75%)

+6.556e-03
+6.009¢-03
+5.463e-03
+4.917¢-03
+4.370e-03
+3.824¢-03
+3.278¢-03
+2.731e-03
+2.185¢-03
+1.639-03
+1.093¢-03 8
+5.463¢-04
+0.000e+00

(4): slope=1:1.75

(5): slope=1:2
Ficure 4: Effects of road slopes on PEEQ. (a) Slope=1:1. (b) Slope=1:1.25. (c) Slope=1:1.5. (d) Slope=1:1.75. (e) Slope=1:2.

modulus and safety coefficient when the cohesion and in-
ternal friction angle equal 15kPa and 25°, respectively.

It can be found from Figure 6 that the elastic modulus of
the backfill soil has little effect on the safety and stability
coeflicient of the slope. In the case of a lower modulus of
elasticity, the safety and stability coefficient of the slope is
higher than that of the high modulus of elasticity. The
possible reason is that the plastic expansion zone is gen-
erated, and when the elastic modulus of the subgrade that
occupies most of the entire embankment is small, the overall
settlement displacement of the structure increases, which
causes the center of gravity of the plastic zone to decrease,
which will reduce the sliding force. On the contrary, the
safety and stability coeflicient of the slope is increased, and
this kind of situation cannot be attributed to the im-
provement of the safety and stability of the slope.

Figure 7 gives the safety coeflicients of the road slope for
varying cohesion and internal friction angle.

The slight effect of the elastic modulus on the safety
coeflicient of the road slope can also be found since the slope
safety coeflicients were almost the same for different elastic
moduli. However, it should be noted that the slope safety
coeficient was obviously improved when the internal fric-
tion angle increased from 25° to 30°. The internal friction
angle is the representative of the internal friction of the soil,
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PEEQ

(Avg: 75%)
+1.058e-02
+9.697e-03
+8.815e-03
+7.934e-03
+7.052e-03
+6.171e-03
+5.289e-03
+4.405e-03
+3.526e-03
+2.645e-03
+1.763e-03
+8.815e-04
+0.000e+00

(1) 25° - 15kPa
PEEQ
(Avg: 75%)
+1.019e-02
+9.345e-03
+8.495e-03
+7.646e-03
+6.796e-03
+5.947e-03
+5.097e-03
+4.248e-03
+3.398e-03
+2.549e-03
+1.699¢-03
+8.495e-04
+0.000e+00

(3) 25° - 20kPa

PEEQ
(Avg: 75%)

+1.019e-02
+9.345e-03
+8.495e-03
+7.646e-03
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(5) 25° - 30kPa
FIGURE 5: Effects of cohesion and internal friction angle. (a) 25°-15kPa. (b) 30°-15 kPa. (c) 25°-20 kPa. (d) 30°-20 kPa. (e) 25°-30 kPa. (f) 30°-

30 kPa.
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PEEQ

(Avg: 75%)
+1.022e-02
+9.364e-03
+8.513e-03
+7.682e-03
+8.810e-03
+5.95%-03
+5.108e-03
+4.257e-03
+3.405e-03
+2.554e-03
+1.703e-03
+8.513e-04
+0.000e+00

(2) 30° - 15kPa

PEEQ

(Avg: 75%)
+1.023e-02
+9.375e-03
+8.522e-03
+7.670e-03
+6.818¢-03
+5.966e-03
+5.113e-03
+4.261e-03
+3.409e-03
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+0.000e+00

(4) 30° - 20kPa

EEQ
(Avg: 75%)

+1.029¢-02
+9.376e-03
+8.522e-03
+7.670e-03
+6.819e-03
+5.966¢-03
+6.113e-03
+4.261e-03
+3.557e-03
+2.554e-03
+1.704¢-03
+8.322¢-04
+0.000e+00

(6) 30° - 30kPa
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FIGURE 6: Relationship between the elastic modulus and safety coefficient (c=15kPa; ¢ =25°).

which specifically includes the surface friction between the
soil particles and the bite force generated by the interlocking
action between the soil particles. The larger the internal
friction angle, the greater the internal friction force, so as the
internal friction angle increases, the maximum equivalent
plastic strain value becomes smaller, resulting in a higher
value of the slope safety factor.

Figure 8 gives the safety coefficients of the road slope
when the cohesion was 15 kPa and 20 kPa, respectively.

A slight effect of the elastic modulus on the safety co-
efficient of the road slope can also be found because of the
similar values of slope coefficients. Besides, the cohesion
increased the values of the slope safety coeflicient. Various
physical and chemical forces between soil particles
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FIGURE 8: Safety coeflicients of the road slope when the cohesion was 15kPa and 20 kPa.

determine the value of soil cohesion, including Coulomb
force, static force, van der Waals force, and cementation. The
greater the cohesive force, the greater the suction force
between the particles so that only when the external force is
given greater pulling force can plastic strain occur, and the
corresponding antisliding force is greater.

5. Conclusions

According to the current construction requirements of the
process of backfilling the subgrade on the weak foundation,
this paper conducted a FE analysis on the slope of this special
engineering condition based on the commonly used strength
reduction method in the stability analysis of the road slope.
To accurately investigate the influence of slope and the
mechanical properties of the soil on the stability of the
backfill subgrade during the construction process, the slope

stability model based on the strength reduction method is
established in this study. At the same time, the influence
analysis of the slope, cohesion, and internal friction angle on
the slope stability was carried out. The research process can
highlight the following conclusions:

(1) The slope stability analysis model established by the
strength reduction method can characterize the
stability of the slope by calculating the slope safety
coefficient. In the analysis process, the mutation
point of the relationship curve between the dis-
placement generated in the slope and the reduction
coefficient is used as the criterion.

(2) As the slopes were lower than 1:1.5, failure to
achieve penetration or local yield failure indicates
that the slope is stable under this reduction factor,
while as the slopes were higher than 1: 1.5, the plastic
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zone has penetrated the top of the slope, and the
equivalent plastic strain and displacement have an
infinite development trend, indicating a critical
failure state. As the slope decreases, the maximum
PEEQ decreases; reducing the slope can improve the
stability of the road slope. When the slope is lower
than 1:1.75, the maximum PEEQ tends to converge.
Higher values of internal friction angle and cohesion
can increase the value of maximum PEEQ, but when
the cohesion or internal friction angle is higher than
one constant value, the maximum PEEQ will remain
the same. The effects of the elastic modulus of the
backfill soil on the safety and stability coefficient of
the slope are slight.

Regarding future development, a more precise 3D FEM
model should be proposed by considering the dimensional
sizes in the longitudinal direction. The reasonable physical
sizes of the FEM model should also be optimized and de-
termined in the future. Comparison results between the 2D
and 3D models should also be included to evaluate the
accuracy and efficiency.
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The structural fire performance tests for beam-to-column connections are critical in determining their fire performance at high
temperatures. The current standard fire testing methods provide the procedures for establishing the fire resistance of each
construction element exposed to a standard fire. However, these methods cannot verify the fire behaviour of the connections
between building elements. Researchers have performed numerous fire tests on beam-to-column connections despite the lack of
structural fire performance testing methods. This paper presents a comprehensive literature review of the structural fire per-
formance testing methods for beam-to-column connections. The major areas in this review are travelling fires, development of
travelling fires on beam-to-column connections, fire testing considerations, fire testing criteria, recent fire testing, and loading
applications. This paper identifies the key issues and challenges of the structural fire performance testing methods for beam-to-
column connections. Finally, this paper provides recommendations and discusses the way forward for structural fire performance

tests on beam-to-column connections.

1. Introduction and Objectives

Structural fires occur primarily in residential, commercial, or
community-based buildings. Fire exposures could signifi-
cantly reduce the strength, insulation, and integrity of a
building’s main structural elements [1, 2]. The beam-to-
column connections are critical elements of any building
structure [3, 4]. The collapse of the World Trade Centre and
the results of the Cardington full-scale building fire tests in the
United Kingdom demonstrate that beam-to-column con-
nections are vulnerable during the heating and cooling phases
of fire [5, 6]. Therefore, it is critical to ensure the connections
fulfil the requirements for fire safety and durability [3, 7, 8].

Researchers are conducting structural fire performance
tests on beam-to-column connections to determine their fire
performance at high temperatures. The fire tests provide the
critical thermal parameters for beam-to-column connec-
tions, including failure patterns, crack developments, mo-
ment-rotation-temperature curves, load-deflection curves,
stress-strain curves, internal temperature distributions,

residual strength, and physical damages [9]. The most widely
used fire test specifications are ASTM E119 [10] and ISO 834
[11]. ASTM E119 specifies the test method for evaluating the
duration building elements can contain a fire, retain the
building’s structural integrity, or exhibit both properties
during a predetermined test exposure. ISO 834 specifies the
test for determining the fire resistance of construction el-
ements when exposed to standard fire conditions. However,
the standard fire testing methods do not have the procedures
for verifying the fire behaviour of connections between
building elements [10, 11]. Instead, the fire tests focus on
vertical building elements, such as walls, partitions and
columns, and horizontal building elements, such as floors,
roofs, beams, and girders. In addition, the fire tests do not
consider the effects of horizontal and vertical travelling fires
and only use the standard fire curves with uniform burning
and homogenous temperature conditions.

Despite the lack of structural fire performance testing
methods for beam-to-column connections, researchers have
conducted numerous fire tests on rigid, semirigid and
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pinned beam-to-column connections [12, 13]. Most large-
scale fire tests involved steel and composite beam-to-column
connections because of the greater fire risk of these con-
nections than concrete materials. The large-scale tests
demonstrated the performance on a realistic scale when
subject to the actual conditions of applied thermal and static
loadings to comply with the regulatory requirements [14].
However, there has been a shift to focus on large-scale
nonstandard fire testing using real fire rather than the
standard fire [15, 16]. The standard fire testing furnace is
unrealistic for most real structures and fundamentally in-
capable of rationally simulating several essential and in-
terrelated anticipated behaviours observed in actual building
fires. The design of structural fire protection methods based
on the standard fire tests of a single element does not ac-
count for the connection behaviour or the entire structure
[17].

With the increasing conflicts in the standard fire testing
methods for beam-to-column connections, researchers need
to understand the critical elements in the fire tests. This
paper presents a comprehensive literature review of the
structural fire performance testing methods for beam-to-
column connections. Figure 1 illustrates the framework of
this review paper. In stage one of the literature review, the
authors searched and screened the Web of Science and
Scopus databases for the literature concerning building fires
and fire testing of beam-to-column connections and defined
the critical concept in building fires, including travelling fires
and standard fires. The review includes the consideration in
fire testing, namely, the time—temperature fire curves, testing
methods, and cooling phase. In stage two, the authors
reviewed and extracted the fire testing methods and data
from previous studies and summarised the main criteria for
fire testing of beam-to-column connections. In stage three,
the authors identified the key issues and challenges in the
structural fire performance testing methods for beam-to-
column connections and analysed and synthesised the fire
testing data. Finally, this paper provides the recommenda-
tions and presents the way forward for the structural fire
performance tests of beam-to-column connections to help
steer future research in structural fire engineering, partic-
ularly large-scale experimental research.

2. Fire Testing of Beam-to-Column Connections

2.1. Travelling Fires. In buildings with large, open com-
partments, the fire does not burn simultaneously throughout
the entire floor plate of the structure. Instead, the fire tends
to travel horizontally and vertically as the flames spread by
igniting the fuel in their path and burning a limited area at
any one time [18, 19]. This condition, known as travelling
fires, is different from the commonly used fire scenarios for
the structural design of modern buildings. The traditional
methods assume uniform burning and homogenous tem-
perature conditions throughout a compartment, regardless
of its size [20, 21]. In addition, the methods for validating the
parameters and standard fires using small fire compart-
ments, better known as “black boxes,” reduce the accuracy of
the predicted structural fire behaviour [22].
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Stern-Gottfried et al. [20] introduced the pioneering
method for estimating the temperature of compartment
travelling fires. The large firecell method (LFM) [23]
developed in 1996 employs specific fire models to de-
termine the temperature-time relationships for travelling
fires through a firecell. However, LFM is primarily a
research tool used for single element checks in a design.
The travelling fires methodology (TFM) [24, 25], devel-
oped in 2012, calculates the fire-induced thermal field
such that it is physically based, is compatible with the
subsequent structural analysis, and accounts for the fire
dynamics. This method uses two temperature fields to
represent the gas temperature in a compartment. The
near field (T,¢) is the high temperature in the flaming
region of the fire that is exposed directly to the flames. The
far field (Tg) is the cooler temperature for the smoke in
the rest of the compartment, which is exposed to hot
combustion gases but experiences less intense heating
than from the flames. TFM is effective in providing a
flexible technique with an extensive range of possible fires
in any compartment. In 2015, Rackauskaite et al. [21]
developed the improved TEM (iTEM) for studying the
effect of nonuniform heating associated with the trav-
elling fires by investigating the peak temperature location
along the fire path. They found that the peak temperature
in the compartment occurs primarily towards the end of
the fire path. However, Dai et al. [19] stated that, despite
the experimental and theoretical works carried out
during the past twenty years, more practical large-scale
travelling fires experiments are required to expand the
knowledge on travelling fires.

The structural response of travelling fires has a sig-
nificant impact on structural performance. Bailey et al. [26]
found that progressive horizontal spreading fire enhanced
some of the distortions caused by the fire compared with
simultaneous burning across the same compartment range.
Ellobody and Bailey [27] found that horizontally travelling
fires influence time-deflection behaviour. Law et al. [18]
observed that the most severe structural response caused
by horizontal travelling fires is approximately 25% of the
floor plate in size. Roben et al. [28] found that the interfloor
time delay influenced the structural behaviour in the
vertical travelling fires that involve large and multiple
floors. They recommended considering several rates of
spread and ensuring the structural integrity for each rate to
identify a worst-case rate of vertical fire spread. Behnam
[29] found that structures exposed to nonuniform fires are
more susceptible to failure than those exposed to uniform
fires. The fire resistance of structures towards travelling
fires is 91 minutes compared with the 140-minute resis-
tance towards uniform temperature. Behnam and Ronagh
[30] recommended implementing more provisions in the
codes for postfire structure and the appropriate rate of
vertical spread of fire between floors. Further, Jiang et al.
[31] demonstrated that slow fires could cause partial
collapse, whereas fast travelling fires could cause global
collapse. The travelling speed has a considerable impact on
the failure sequence of columns, damage range, and col-
lapse mode of the structures.
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FIGURE 1: Framework of the review paper.

2.2. Development of Travelling Fires on Beam-to-Column
Connections. Figure 2 shows the temperature development
due to localised horizontal and vertical travelling fires for
pinned concrete beam-to-column connections. Figure 2(a)
shows the flame spread by igniting the fuel and burning the
middle of the lower floor. Point A is the near field with the
highest temperature, while point B is the far field with a
cooler temperature. Once the local fuel is completely burnt,
the near field travels horizontally to a new area from point A
to B. Figure 2(b) shows the near field for the beam-to-
column connection (point B) exposed to the highest tem-
perature. The fire continues to burn at the same rate until all
the fuel is burnt. At this time, the local fuel at point A is
completely burnt and the structure begins to cool, and the
fire damage sustained by the structure, such as deflection,
crack, and spalling, becomes apparent. The fire travels
vertically to the upper floor from point B to C through a
damaged structural joint, unprotected service ducts, com-
bustible fagade materials, and unprotected openings, such as
non-fire-rated windows. The flame movement increases the
temperature at the top, creating the far field. Figure 2(c)
shows a similar process, where point C is the near field
exposed to the highest temperature. The near field travels
horizontally to the middle of the upper floor. The local fuel at
point B burns out, and the structure begins to cool.
Figure 2(d) shows the temperature-time curves for
points A, B, and C during the fire. Vertical travelling fires
spread for a longer duration than horizontal travelling fires
due to structural constraints. According to Law et al. [18],
the maximum temperature in the near field region is be-
tween 800 and 1000°C for a small fire and 1200°C for larger
enclosure fires. They chose the 1200°C maximum value to
represent the worst-case scenario of the fire. The maximum
temperature of the near field region was calculated using the
simple ceiling jet correlation developed by Alpert [32]:

_5.38(Q/n)™"”
- H

where T,y is the maximum temperature within the ceiling
jet (°C), Too is the ambient temperature (°C), Q is the heat
release rate (kW), r is the distance from the centre of the fire
(m), and H is the floor to ceiling height (m). Clifton [23]
stated that the temperatures for the preheating and delayed

Tmax - Too > ( 1)

cooling (after the burnout) periods, which is exposed to hot
combustion gases but experiences less intense heating than
from the flames, was taken to be between 200 and 675°C.
Subsequently, the preheating and delayed cooling periods
changed to the temperature between 400 and 800°C. The far
field temperature was calculated using the following:

I

r 4 1/4
(T )]

(rff - ’nf)l/4

where Tg is the far field temperature (°C), r,¢ is the dis-
tance between the end of the near field (m), rg is the
distance between the end of the far field (m), and r is the
distance from the centre of the fire (m). The temperature
fields calculated at points A, B, and C are applied to both
concrete and steel structures through heat transfer ana-
lyses. These analyses consider the temperature of steel
rebar within concrete or steel beams to determine
structural performance.

, )

Typ=

2.3. Fire Testing Considerations. Even though building fires
are horizontal and vertical travelling fires, most fire tests on
beam-to-column connections employed the standard time-
temperature fire curves as a reference. Figure 3 shows a
comparison of the real fire time-temperature curves and the
standard time-temperature fire curves. The real fire time-
temperature curves have three phases, growth, burning
(flashover and fully developed), and decay (cooling) [34, 35].
The most widely employed time-temperature curve for real
fire exposure is the “Swedish” fire curve representing dif-
ferent natural fire environments [34, 36]. Real fires begin
with the burning of one item, and the fire gradually spreads
to other nearby objects and grows in size and intensity [36].
The standard time-temperature fire curves (Figure 3) are
developed in growth and burning stages continuously over
time. The ASTM E119 and ISO 834 practices are similar for
building fires. Both fire curves are dependent on the burning
rate of the materials present in the building materials and
contents. They represent a severe fire expected in a typical
building environment but does not represent all potential
fire scenarios. Even though there are many studies on the
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curves at A, B, and C.

heating phase of a building fire, the effects of the cooling
phase on structures are not well-understood [33]. Structural
vulnerability increases during the cooling phase [37].

In addition to selecting the appropriate fire curve, re-
searchers considered several factors to address the lack of
structural fire performance testing methods for beam-to-
column connections. Researchers need to understand the
purpose of connection testing. The connection testing
performed at ambient temperature sought to determine the
joint bending moment-rotation characteristics since the
bending moment is the primary action acting on the joints.

During fire exposure, the connection testing sought to de-
termine the combination of axial force, shear force, and
bending moment that vary throughout the fire exposure. The
researchers then selected the time-temperature fire curves
for the fire tests and the load condition based on the specified
fire exposure period. Finally, they compared the postfire
results against the required performance criteria for the
beam and column elements. In all assessments of structural
fire resistance, the temperature developments in a structure
should be determined, followed by evaluating the structural
behaviour at elevated temperatures [38].
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2.4. Fire Testing Criteria. Figure 4 summarises the fire testing
criteria for beam-to-column connections from the test ob-
jective and performance criteria adopted in previous studies.
Criteria 1 to 7 are the materials, type of connection, method
of connection, boundary condition (constraints), fire source,
type of analysis, and load application. The beam and column
specimens are concrete, steel, composite, or timber. The
beam-to-column connections are rigid, semirigid, or pinned,
depending on the connection stiffness. The beam and col-
umn elements were assembled using either a wet, dry, or
semidry method, and the boundary condition (constraints)
for support is a roller, pin, or fixed end. The fire source for
producing the heat is an electrical furnace, gas burner, and
flexible ceramic pad. Most previous research analysed fire
exposure together with static or cyclic load. The load applied
in the different stages are preloading, concurrent loading
(during the fire tests), and postfire loading.

2.5. Recent Fire Tests. Table 1 summarises the outcomes of
the fire tests on beam-to-column connections conducted
from 2007 to the present using the seven fire test criteria
listed in Figure 4. More than 50% of the articles on the beam-
to-column connections fire tests were published in the last
five years, suggesting that researchers focused on this area of
research.

Concerning Criteria 1, researchers have performed
many fire tests on the beam-to-column connections fab-
ricated from steel and composite materials due to the
greater fire risk of these connections than those from
concrete materials (Table 1). Steel and composite materials
experience catenary action that may fracture the connec-
tions and exert additional forces on the columns at very
high temperatures [47]. Among the mode of failure ob-
served in the fire tests on steel and composite materials is
the yielding of the endplate, yielding of the column flange,
bolt (thread) stripping, bolt fracture, fracture of the

endplate and slab cracking, and pulling out of the shear
studs for composite connections. However, the literature
showed that concrete connections also have a high fire risk
[12]. The researchers observed that the concrete connec-
tions in the structures damaged in the fire tests could resist
significant moments even at large deformations. Besides,
the growing use of engineered timber structures in the
design of high-rise buildings (more than five-storey high)
presents fundamental challenges for structural fire-safe
design [48, 49]. The fire behaviour of the connections often
limits the fire performance of heavy timber structural
systems. The improved fire performance of dowelled timber
connections could significantly improve the fire perfor-
mance of whole timber structures [50, 51].

Criteria 2 classifies the connections with low stiffness as
pinned, and those with high stiffness are fixed or rigid
connections (Table 1). The connections with partial strength
and have a certain degree of rotational stiffness are classified
as semirigid. The columns are stronger than the beams and
the connections and act as elastic restraints during the fire
tests, where the failures are dependent on the beams or
connections [38-40]. For the concrete connections, the
tension reinforcement at the support is carried through to
the connections and effectively overlapped [42]. Precast
concrete connections, such as corbel and hybrid, are
semirigid connections [46].

Concerning Criteria 3, most steel connections were
assembled using the dry method, and the composite and
concrete connections were assembled using the wet method
(Table 1). For precast concretes, a combination of dry and
wet methods is considered a semidry method. Wet-as-
sembled partially precast structures were designed to em-
ulate cast-in-situ concrete structures with rigid connections
through the cast-in-place concrete pouring of the joints. In
addition, the use of mechanical devices such as bolts and
welds to connect the dry-assembled structures avoids the
need for in-situ concrete pouring.

Regarding Criteria 4, the thermal behaviour of the
connection is influenced by the boundary conditions
(constraints) of the beam and column (Table 1). The fire is
treated as a thermal boundary condition when focusing on
structural performance [52]. The structural model of a fire
test can be assigned as a partial element, single element,
subframe assembly, transiently simulated restrained as-
sembly, and full-scale structure [53]. The simply supported
and cantilever setups are most often adopted boundary
conditions for the beam constraints. In the simply supported
setup, the beam midsection was fixed in the axial direction,
which effectively prevents rotation about the two principal
axes of the beam cross section but allows the beam to twist
about its longitudinal axis [43]. However, the members in a
framed structure behave differently from the isolated
members simply supported at both ends because the
structural continuity imposes a finite amount of restraint to
the end of any connected member [39]. In the cantilever
setup, also known as subassemblies, the ends of the beam are
free. According to Raouffard and Nishiyama [1], the degree
of structural indeterminacy of the test specimens is reduced
by removing the midsection of the beam and turning it into
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two separate cantilever beams. For the column constraints,
most of the top and bottom ends are restrained from lateral
movement to ensure a good distribution of the axial column
load and provide axial restraint to the beam [38]. As a result,
the end of the column is free to move in the longitudinal
direction. Another boundary condition is where both ends
of the column are hinged, with an axial compressive load
applied on the top [54].

For Criteria 5, most fire tests use a standard furnace to
simulate the fire exposure (Table 1). Most research adopted
the ISO 834 and ASTM E119 fire curves using a furnace. The
loading points are outside the furnace. The items installed in
the furnace such as the steel bar (to prevent the loading jacks
from sliding towards each other) [38, 41], the top flange of
the steel beam [38, 40], the sides and top of the reinforced
concrete (RC) slab, and the upper part of the square con-
crete-filled steel tube (CFST) column were wrapped with a
layer of ceramic fibre blanket before igniting the furnace.

Table 1 shows that, for Criteria 6, most analyses of the
structural fire performance tests for beam-to-column con-
nections used static load instead of cyclic load. Researchers
have performed many static loading tests to investigate the
progressive collapse resistance of RC moment frames during
a fire [55]. Researchers also analysed reverse cyclic loadings
to evaluate seismic behaviours with fire effects.

It is worth noting that Table 1 shows significant in-
consistencies for Criteria 7. The load was applied either in
the preloading (structural response at ambient conditions),
concurrent loading (thermo-mechanical response during
fire exposure), or postfire loading (residual response after
cooling down) stage, or a combination of these stages. The
following section will describe the loading application cri-
teria in detail.

2.6. Load Applications. Two types of loading were used to
simulate the maximum load condition following ASTM
E119 and ISO 834 [10, 11]. ASTM E119 uses the super-
imposed load, while ISO 834 uses the service load. The loads
are defined differently. Service load is the maximum load
intensity expected during the life span of the structure. Itis a
combination of unfactored dead load and unfactored live
load. Superimposed load, also known as superimposed dead
load, considers the weight of the nonstructural and semi-
permanent members, including the facade members, floor
cover, suspended ceiling, and ductwork. It does not take into
account the live load and thus is less than the service load.
However, ASTM E119 states that superimposed loads can
consider the maximum load condition allowed under each
nationally recognised structural design criteria.

Figure 5 presents a summary of the load application and
performance criteria during the beam-to-column connec-
tions fire tests. The figure shows the ambient, growth and
burning, and decay phases. In the ambient phase, the
specimens were preloaded with a load equal to the initial
crack load or loaded based on the load ratio before carrying
out the fire tests. In the growth and burning phase, the load
was applied to the specimens either constantly or gradually.
The constant load is the superimposed or service load stated
in the ASTM E119 and ISO 834, while the gradual load is the
incremental load applied to the specimens until they fail. The
load application criteria were based on the research objec-
tives. Table 2 shows that investigation of thermal behaviour,
thermal interaction and strength reduction requires ap-
plying a constant load to the specimens and terminating the
test at the performance criteria limit. Table 3 shows that
determination of failure load and maximum deformation
(deflection, expansion, or contraction) requires applying
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TABLE 2: Studies that terminated the fire tests at performance criteria limit.

(2016) [44]

Raouffard and
Nishiyama
(2017) [1]

Author, year Beam
> yean Objectives span/length Load applications Performance criteria
and ref. no.
(mm)
. _ _ A constant load 40kN was Spec1mens. sustained the ap_phed
Investigate the relative behaviour . . load during fire classification
. applied to the steel in each .
Wang et al. and robustness of different types - . . period. The test beams were able
. 1980 hydraulic loading Jack, which .
(2011) [41] of steel connection in steel-framed . to experience very large
. corresponds to a load ratio of 0.5 h
structures in fire . deflections (span/8~span/6)
in the beam -
without fracture
Investigate the structural . . . .
behaviour and strength reduction Preloaded with 15 cycle of load Specimens sustained the applied
Heiza et al. (less than initial crack load) fire load during fire classification

of RC beam-to-column 1050

. tests under loading equal to eriod with concrete spalling and
connections exposed to fire under &¢q P pating

. . initial crack load for 1 or 2 hours cracking
cyclic loading
Investigate the mechanical and The fire tests terminated after
thermal interactions structural 74 min as soon as the tensile
response of RC beam-to-column 1000 Preloaded until first crack longitudinal steel bars of the
subassemblies under no lateral vertical load (17.3kN) constant upward-loaded cantilever beam
thermally induced thrust and no attained the predefined critical
moment redistribution influence temperature 530°C
The tests ceased when the
connection specimens achieved
fire resistance when the
. . deformation or deformation rate
Investigate the experimental and of the square CEST column or
Yang and Fu numerical simulation of steel 2650 Load ratio (0.1 to 0.35) and steel bim meet the ultimate
(2019) [45] beam to CFST column composite constant

conditions specified in the ISO
834. The failure patterns of the
connection include tube
buckling, flange buckling, and
separation

connections with RC slabs




Advances in Civil Engineering

TaBLE 3: Studies that terminated the fire tests when the specimens failed.

Author, year, Objectives

Beam span/length

Load applications Performance criteria

and ref. no. (mm)
Present the experimental results of . . The heatllng contlnueq unjul
. . Preloaded with nominal structural failure and termination of
Ding and structural fire behaviour of CFT . .
. . . load ratio (0.25to 0.5 or the tests; the heating stopped when
Wang (2007)  column, including failure modes, 2000 .
30 to 60kN) and the beam reach catenary action and
[38] development of forces, and . .
L constant forced cooling to the ambient
deflections in the beams
temperature
Presented the behaviour of RC beam . The ﬁfe tests were stopped
immediately when the tested
Han et al. to CFST column planar frames, Preloaded (19.5 to . .
. . . 2325 specimens could not withstand the
(2010) [39] including the deformations and 39kN) and constant .
. . loads applied on the CEST columns
failures of the test specimens
and RC beam
The heating and loading continue
until the connection fail;
Ding and Investigate structural behaviour Fire exposure for self- the test assemblies were heat§ dto
Wang (2009) under cooling phase 2000 weight load for 30min tcmperatures close to the failure
[40] &P & temperatures and then cooled down
while still maintaining the applied
loads on the beams
Present the test results on the In postfire loading phase, the
. . . Preloaded and constant
Song et al. mechanical behaviour of SRC joints . . column load was kept constant, and
. . . 3700 during heating and .
(2015) [42] during the heating and cooling . the beam loads increased gradually
cooling phase . . .
phases until the connection failure
Yahyai and Investigate the behaviour of beam Preloaded (load ratio . . .

. ? S The heating and loading continue
Rezaeian and splice connections in column- 3980 0.7 or 20.6kN) and until the connection fail
(2016) [43] tree MRF at elevated temperatures constant

Study the performance of the three
Teja et al. different beam column connections 670 Vertical load (7 to  The heating and loading continues
(2019) [46]  in precast structures exposed to fire 17kN) constant until specimens fail

and axial load

gradual load to the specimens and terminating the test after
specimen failure. The residual method simulates the typical
idealised column removal scenarios (with and without the
cooling effect). The specimens were exposed to fire and then
subjected to gradual loading until failure [44].

Table 2 lists the studies that terminated the fire tests at
the performance criteria limit. Wang et al. [41] investigated
the relative behaviour and robustness of different steel
connections in steel-framed structures exposed to fire. They
applied a constant load of 40kN to the steel specimens in
each hydraulic loading Jack, corresponding to a load ratio of
0.5 in the beam. The steel connection specimens sustained
the applied load during the fire classification period without
experiencing a fracture. Heiza et al. [45] studied the
structural behaviour and strength reduction of RC beam-to-
column connections exposed to fire under cyclic loading.
They preloaded the concrete specimens with 15 load cycles
(less than the initial crack load) before conducting the fire
tests at a constant load equal to the initial crack load. The
specimens sustained the applied load during the fire clas-
sification period and showed concrete spalling and cracking.
Raouffard and Nishiyama [1] investigated the mechanical
and thermal interactions structural response of RC beam-to-
column subassemblies under no lateral thermally induced
thrust and no moment redistribution influence. They pre-
loaded the concrete specimens until the first crack load
before applying a constant vertical load (17.3kN). The fire

tests were terminated after 74 minutes as soon as the tensile
longitudinal steel bars of the upward-loaded cantilever beam
achieved the predefined critical temperature of 530°C. Yang
and Fu [56] performed the experimental and numerical
simulation of steel beam to CFST column composite con-
nections with RC slabs by applying a constant load ratio of
0.1 to 0.35 to the composite specimens. They terminated the
tests when the connection specimens achieved fire resistance
(deformation and deformation rate).

Table 3 lists the studies that terminated the fire tests
when the specimens failed. Ding and Wang [38] investigated
the structural fire behaviour of concrete-filled tubular (CFT)
columns, including the failure modes, force development,
and beam deflections. They applied a constant load ratio
(0.25 to 0.5 or 30 to 60kN) to the beam and exposed the
structural assembly to the standard fire condition in a
furnace while maintaining the applied loads. They continued
the heating until the structure failed. Han et al. [39] in-
vestigated the behaviour of RC beam to CFST column planar
frames, including the deformations and failures of the test
specimens. They preloaded the composite specimens to
eliminate possible equipment malfunction before applying a
constant load of between 19.5 and 39 kN. They immediately
terminated the fire tests when the CFST columns and RC
beam could not withstand the applied loads. Ding and Wang
[40] investigated the structural behaviour in the cooling
phase. They tested right of the ten test specimens to failure
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during heating; in the other two tests, the test assemblies
were heated to temperatures close to the failure temperatures
of the axially unrestrained steel beams and then cooled while
still maintaining the applied loads on the beams. Song et al.
[42] investigated the mechanical behaviour of steel-rein-
forced concrete (SRC) joints during the heating and cooling
phases. They preloaded the composite specimens using three
jacks before conducting the fire tests under a constant load.
In the postfire loading phase, the column load was kept
constant, and the beam loads were increased gradually until
the connection failed. Yahyai and Rezaeian [43] investigated
the behaviour of beam and splice connections in column-
tree moment resisting frames (MRF) at elevated tempera-
tures. They preloaded the steel specimens with a constant
load ratio of 0.7 or 20.6kN and applied the heating and
loading until the connection failed. Teja et al. [46] studied
the thermal performance of three different beam-to-column
connections in precast structures subjected to a constant
load (7 to 17 kN) during heating until the connections failed.
Figure 5 shows the load applications after the fire tests
(residual method), where Li et al. [44] simulated the typical
idealised column removal scenario under fire. In this study,
the RC beam-to-column connection specimens with varying
reinforcement development lengths were exposed to fire,
with and without cooling effects, and then subjected to
pushdown loads. A vertical load of 20 to 90 kN was applied
until the bottom reinforcements fractured or pulled out.
Table 2 shows that Heiza et al. [45] and Raouffard and
Nishiyama [1] did not apply the superimposed and service
load required by ASTM E119 and ISO 834. Instead, they
used the first crack load, P, as a reference value for the load.
Mindess et al. [57] and Hamad and Sldozian [58] defined the
first crack load as the point on the load-deflection curve at
which the curve first become nonlinear. The first crack
strength represents the RC behaviour to the inception and
beginning of a crack in the matrix. There are two methods
for determining the first crack value. The first method is
visual observation during the load test. However, concrete
contains microcracks that grow as soon as the concrete is
loaded. Thus, it is hard to achieve the first crack deflection
because it is minor due to various extraneous deflections that
may occur due to machine deformations and placing them
on the supports. The second method is calculating the first
crack deflections, § [57] using the following formula:

23PPP/1296EI  [1+216d” (a + u)/115°]
= X s
flexural component

(3)

shear component

where d is the midspan deflection, P is the load at first crack,
I is the span length, E is the modulus of elasticity, u is
Poisson’s ration, I is the moment of inertia, and d is the
beam depth.

2.7. Conclusion on the Fire Testing of Beam-to-Column
Connections. The following conclusions are drawn based on
the discussion in Sections 2.1-2.6. In buildings with large,
open compartments, the fire tends to travel horizontally and
vertically as the flames spread by igniting the fuel in their
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path and burning it in a limited area at any one time. The
localised horizontal and vertical travelling fires induce the
temperature development of the beam-to-column connec-
tions through two temperature fields, the near and far fields.
Researchers considered several factors to address the lack of
structural fire performance testing methods for the beam-to-
column connections. Based on the test objective and per-
formance criteria adopted in previous studies, this review
paper has summarised seven fire testing criteria. Of these,
there is significant inconsistencies in Criteria 7 (loading
applications), where the load was applied either in the
preloading (structural response at ambient conditions),
concurrent (thermomechanical response during fire expo-
sure), or postfire (residual response after cooling down)
phase, or a combination these phases. The loads were applied
to the specimens constantly or gradually. The fire tests were
terminated at the performance criteria limit when investi-
gating the thermal behaviour, thermal interaction, and
strength reduction. When determining the failure load and
maximum deformation (deflection, expansion or contrac-
tion), the fire tests were terminated at specimens’ failure.
Besides the superimposed and service load stated in ASTM
E119 and ISO 834, the researchers also employed the first
crack load as the reference value for the load.

3. Issues and Challenges

3.1. Selection of the Structural Assembly. The literature shows
that researchers faced a conflict when selecting a fire test
method, whether standard fire testing or nonstandard
structural fire testing. Regardless of the fire test method, the
beam-to-column connection structural assembly must rep-
resent the actual structural behaviour [10]. Several factors are
taken into account before assembling the specimens. Figure 6
demonstrates the relationship performance of the fire test
based on different structural assemblies and fire curves.

The specimens for the beam-to-column connections can
be assembled as a partial element, single element, subframe
assembly, restrained assembly, or full-scale structure [53].
According to the ASTM E119 and ISO 834 guidelines, the
specimens can only be assembled as a partial element and
single element (vertical and horizontal building elements)
subject to the standard time-temperature fire curves condi-
tions, as shown in Figure 6. The fire testing of beam-to-column
connections in previous research did not follow ASTM E119
and ISO 834 guidelines. The specimens were assembled as
subframe assemblies subjected to elevated temperature
(steady-state and transient) [46] and restraint assemblies
subjected to standard time-temperature fire curves
[1, 38,43, 45, 56]. According to Gales et al. [53], the objective of
the large-scale nonstandard structural fire tests that employed
the full-scale structures and real fire curves is to understand the
real structural performance of buildings subjected to con-
struction and real fires. It is not possible to achieve this un-
derstanding through the standard fire testing furnace.

Based on Figure 6, it is apparent that a more complex
structural assembly gives more accurate test results. The full-
scale structures with complex structural assembly represent
the building’s actual structural behaviour. However, setting
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FIGURE 6: The relationship performance of fire tests based on different fire curves and structural assemblies.

up a complex structural assembly, including the specimen
and testing procedures, are complicated and time-con-
suming. For example, the Cardington full-scale building fire
tests in the United Kingdom for an eight-storey office
building specimens involved six fire tests on the composite
frame, namely, the restrained beam test, plane frame test,
first corner test, second corner test, large compartment test,
and demonstration test [59]. In addition, a nonstandard
structural fire test is expensive and requires a real fire in
actual scale framed buildings. The test also requires sufficient
instrumentation to understand the fire and the structural
response. Because of the high cost of physical fire tests, the
finite element methods based on well-validated models are
viable alternatives.

3.2. Real Fire Time-Temperature Curves vs. Standard Time-
Temperature Fire Curves. In recent years, researchers and
regulators have dealt with the use of standard time-tem-
perature fire curves in simplified single element tests and
isolated structural members subjected to unrealistic tem-
perature-time curves [15, 16, 60, 61]. The standard time-
temperature fire curves have little resemblance to the real fire
temperature-time history. They do not have a decay phase
and represent any real fire. They were designed to typify the
temperatures experienced during the post-flashover phase of
most fires [53]. The mock-up assembly’s fire-resistance
rating (hours) cannot represent the actual construction and
real fire. It only tests the survival components of the fire
exposure and can be compared as a relative index system to
the design. As a result, nonstandard structural fire testings
that employed real fire curves are a more rational approach

that might present the full suite of interactions expected in
actual building fires.

Even though the standard time-temperature fire curves
do not have a decay stage at the end and appear more severe
than a real fire, they are suitable for all three phases (growth,
burning, and decay) of the fire tests. ISO 834 specifies that,
even after termination, the fire tests can be continued after
they have achieved the selected performance criteria to
gather additional data, including the data on failure patterns
and ultimate failure load. ASTM E119 evaluates the ability of
the assemblies to remain intact in the decay phase by ap-
plying a specified standard fire hose stream to the structure.

Kodur and Agrawal [62] presented the postfire residual
response of structural elements after cooling. Figure 7 shows
that the heating scenario was subjected to the fire classifi-
cation period (1, 1.5, and 2 hours) specified in ISO 834. The
fire classification period is the performance resistance to the
standard exposure elapsing before observing the first critical
point in behaviour is observed. The fire classification period
does not refer to the survival times or any explicit attempt to
quantify the structural damage of the real structure in a real
fire but to the expected fire resistance period for the
structural components subjected to a standard temperature-
time curve in standard furnace fire tests [2]. The decay stage
is simulated through a linear decrease in air temperature
following the fire exposure.

3.3. Structural Response of the RC Beam-to-Column Con-
nections in the Cooling Phase. Many studies have been
conducted on the cooling phase of steel and composite
beam-to-column connections, but there is a dearth of study
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on the structural response of RC beam-to-column con-
nections in the cooling phase. There is a significant differ-
ence in the thermal properties of concrete and steel
materials. The thermal conductivity of steel (between 27 and
53 W/mK) is higher than concrete (between 0.5 and 1.3 W/
mK) [63, 64]. This significant difference enhances the ability
of a material to transfer heat in the cooling phase of con-
nections. The literature shows that the temperature of the
CFST column and steel beam in the joint zone is lower than
those in the nonjoint zones during the heating phase but
higher during the cooling phase [65]. Besides the thermal
properties, the SRC column and beam showed significant
deformation in the cooling phase than the heating phase,
leading to the potential failure of SRC joints in the cooling
phase [42, 66]. The relative increase in the beam-to-column
rotation angle in the cooling phase is approximately 1.5
times higher than the increase in the heating phase. The
duration of the heating phase that causes failure of the
composite column during or after the cooling phase is al-
ways shorter than the fire resistance of structures exposed
only to heating [67].

Heiza et al. [45] investigated the structural response of
RC beam-to-column connections during the cooling phase.
Their study focused on the structural behaviour and strength
reduction of RC beam-to-column connections exposed to
fire under cyclic loading. They removed the front part of the
furnace at the end of the heating phase and begun the
loading cycles while recording the deflection, strain, and
cracks at each load increment until they reached the failure
load. However, they did not explain the cooling phase effect
and comparison of the heating and cooling phases.

Kodur and Agrawal [62] studied the structural response
of RC structure in the cooling phase and found that the
single RC beam element retained 60 to 70% of the ultimate
room temperature capacity for a range of parametric fire
exposure scenarios with a distinct cooling phase. Dwaikat
and Kodur [68] found that the cooling phase reduces the
fire-induced spalling in concrete. They observed that the
pore pressure decreased with fire exposure because of the
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lower temperature and did not anticipate further concrete
spalling. Gernay [69] addressed that the fire safety analysis of
RC structure should consider until the complete burnout of
a fire, cooling phase, and beyond to assess the safety during
fire brigades intervention, building inspection, and possibly
building rehabilitation.

3.4. Test Load Value. There are three issues when applying the
test load on the beams. First, not all fire tests are conducted
with preloading under ambient conditions, as shown in
Figure 5. ASTM E119 stated that the test specimens should
truly represent the construction, for which classification is
desired, as to materials, workmanship, and details, such as
dimensions of parts. The test specimens should be constructed
under conditions representative of building construction and
operation. The absence of preload before the fire tests will not
provide an initial load to the beam, equal to the initial crack
load or based on load ratio, and eliminate possible equipment
malfunction. In real building conditions, the fire starts when a
service load is applied to the structure.

Second, because the test load applied to the beam is lower
than the required value, the test could not simulate the
maximum superimposed and service load condition
throughout the fire tests. The test load value is dependent on
several factors, including the beam span. A short beam span
produces a lower test load value. Given the current standard
fire testing methods, the standards specify that the beam
span exposed to the fire should not be less than 3.7 m (ASTM
E119) and 4.0 m (ISO 834). However, Tables 2 and 3 show
that the beam span for the specimens with the simply
supported setup is between 1980 mm and 3980 mm, and the
length of the cantilever beam is between 670 mm and
1050 mm. Assuming a cantilever beam is half the actual
beam span (subassembly’s concept), the beam length is
between 1340 mm and 2100 mm. The beam span of speci-
mens is less than the length required in the standards, and
the shorter beam span provides a lower superimposed load
or service load than the required load, and the beam will not
react accordingly to the lower applied load.

Finally, another significant issue is the application of the
first crack load as the reference test load. The theoretical first
crack load is low compared with the observed experimental
first crack loads. Kankam and Odum-Ewuakye [70] inves-
tigated the flexural strength and deformation of two-way RC
slabs and found that the experimental failure loads are
approximately 170% of the predicted values. Audu and
Oseni [71] investigated the cracks and crack patterns on RC
slabs and found that the difference between the experimental
first crack load and the theoretical first crack load is between
14.2% and 59.7%. As the load increases, the crack formation
is followed by multiplication and further cracking. The
complete development of yield lines gave a lower theoretical
yield load than the experimental values. This behaviour
could be due to the adopted safety factor in the design.

3.5. Constraints in the Data Collection. The beam-to-column
connections elements are exposed to high temperatures in
the furnace, making it difficult to determine some of the
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required study parameters. It is essential to address several
factors when comparing the test result from the ambient
temperature with the high temperature. In some cases, the
instruments have to be protected with fire-resistive material
to prevent damage.

Researchers could not record the crack development and
failure mode during the heating and loading of the RC
specimens and only obtain the result after the furnace cooled
down. Similarly, the failures of steel connections, such as
buckling, shear fracture of the bolt, and bearing deformation
of the bolt holes, are only visible after the fire test. This
situation is different from the normal load test, where re-
searchers can monitor the outcomes of load applications.
The strain gauge used at ambient temperature is very sen-
sitive to high temperatures. Researchers need to use tem-
perature resistive strain gauges for the reinforcing bars, steel
structure, and concrete structure. However, the strain gauges
did not perform well at high temperatures and failed to
capture significant data [1].

The inclinometer for measuring the inclination and
rotation of the beam cannot be used in a fire test. Figure 8
shows the inclinometer being used at ambient temperature
[73]. Nonetheless, researchers can use the results from the
linear variable differential transformer (LVDT) from the
column and beam to calculate the rotation (milirad) [73].
The calculation is given by

g = { [tan_ 12] - [tan_lg] } %, (4)

where g is the displacement at column; b is the displacement
at beam; c is the distance from LVDT to centre of rotation for
column; d is the distance from LVDT to centre of rotation
for beam.

The structural deformation during the fire test influences
the consistency of the constant load applied to the beam.
Whether the load is applied hydraulically, mechanically or
by weights, there will be changes in the dimension or shape
of an element of construction due to structural and thermal
actions as the load increase. These changes include deflec-
tion, expansion, and contraction of the structural elements.
It is difficult to control and monitor the loading consistency
throughout the fire duration. The application of permanent
load blocks to the designated position of the specimens
[1, 43] requires a bigger space and more supporting
equipment. The limited space makes it hard to install the
load blocks and protect them with a ceramic fibre blanket in
the furnace, as shown in Figure 9. Some electric furnaces are
not designed for the load-bearing function. The rapid de-
flection of the beams during the fire test could bring down
the loading blocks and damage the furnace [1]. In addition,
the large load blocks and narrow space could prevent the
heating in the furnace from achieving the required time-
temperature fire curves.

3.6. Boundary Conditions for the Column. The restrained
lateral movement and fixed end at the top and bottom
column support in previous studies did not simulate the
actual bending moment diagram of the column structure. By
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Figure 8: The installed inclinometer and measurement of the
displacement of the beam and column [73].

Lpad blocks

\ j/ Lateral}/e@jﬂ : Supporting
N : - frame

FiGure 9: The load blocks in fire tests [43].

considering the length of the column is half from the actual
storey of the building, the representative and definable
manner bending moment diagram of the column will be
shown as Figure 10. On this basis, the top and bottom of
column support located at A and B (centre of column) will
behave as a pin with zero moments. At the connection, there
will be a significant value of moment for the column.

However, a different reaction was observed when ap-
plying the restrained lateral movement and fixed end
conditions, and there will a significant value of bending
moment diagram at column support located at A and B. The
columns were restrained from lateral movement (to provide
axial restraint to the beam) at the ends and were free to move
in the longitudinal direction [38].

3.7. Fire Intensity at the Connections. The estimation of the
maximum temperature in building fires is made at the lo-
cation of the local fuel and flaming region. Considering a
similar fire development with horizontal and vertical trav-
elling fires shown in Figure 2, the maximum temperature is
at the midspan of the beam instead of the connection region.
However, the literature review revealed that previous fire
testing provided direct heating to the connection, which did
not accurately simulate the intensity of a real fire. After
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ignition occurs in a building, the fire spreads upward to the
top structural member because the flame spreads on the
burning object before moving to the adjacent connections
[36]. The fire plume provides a buoyant convective transport
of the combustion products up to the ceiling. The critical
factor influencing the flame spread is the heating rate of the
fire sources ahead of the flame. The thickness and tem-
perature of the hot layer increase as the fire grows.
According to Merci and Van Maele [72], the total heat
release rate determines the average temperature rise of the
hot smoke layer. However, the fire source area and roof
opening have less influence on the average temperature rise.

Wroblewski et al. [74] described real fire incidents in-
volving the concept of fire spread. The centre of the RC
girders exhibited significant fire damage and pushed-out
joining parts; the posttensioned roof girders, RC slabs, and
columns sustained considerable damage, as shown in Fig-
ure 11. These thermal reactions reduced the moment ca-
pacity, rotational capacity, and rotational stiffness of the
beam-to-column connections. Han et al. [39] found that the
connection zone of the frame has a significantly lower
temperature than the beam and column sections. The
connection zone behaved as a rigid connection and did not
show signs of failure in the fire tests.

3.8. Conclusion of the Issues and Challenges. The following
conclusions are drawn based on the discussions in Sections
3.1-3.7. The selected beam-to-column connection structural
assembly must represent the actual structural behaviour. A
more complex structural assembly will produce a more
accurate result even though the fire test is more time-
consuming and expensive and involves complicated pro-
cedures. Even though the standard time-temperature fire
curves do not have a decay phase at the end and appear more
severe than the real fire, they are suitable for conducting fire
tests for the growth, burning, and decay phases. There are
many studies on the cooling phase of steel and composite
beam-to-column connections, but there is a dearth of studies
on the structural response of the RC beam-to-column
connections in the cooling phase. The literature review
revealed that there are three issues with the test load applied
to the beam. (1) Not all fire tests are conducted with pre-
loading at ambient conditions, (2) the test load applied to the
beam is lower than the required load, and (3) the theoretical

F1GURE 11: Deformation of the centre of the RC girders in a real fire
incident [74].

first crack load is lower than the observed experimental first
crack loads. There is also difficulty in determining some of
the required study parameters because the beam-to-column
connections elements are in the furnace and exposed to high
temperatures. The restrained lateral movement and fixed
end conditions at the top and bottom of the column support
in previous studies did not simulate the actual bending
moment diagram of the column structure. The maximum
temperature in building fires is estimated at the flaming
region, depending on the location of the local fuel. The
literature review revealed that previous fire testings provided
direct heating to the connection, which did not accurately
simulate the intensity of a real fire.

4. Recommendations and the Way Forward

There is a need for researchers and regulators to provide a
standard method for determining the fire resistance of
beam-to-connection connections exposed to fire. This need
arises due to the increasing conflicts in the current fire
testing methods and disagreement on the standard fire tests
adopted in simplified single element tests and isolated
structural members subjected to unrealistic temperature-
time curves. The fire tests of the beam-to-connection con-
nection elements may consider all phases of the fire, in-
cluding the growth, flashover, fully developed, and decay or
cooling phases, to obtain a complete result. In some cases,
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the buildings collapse in the decay phase of the fire. The
concept of equivalent fire severity relates the severity of an
expected real fire to the standard fire tests. This concept is
essential when comparing published fire-resistance ratings
from standard tests with the severity estimates of a real fire.

The test load applied to the beam has to simulate the
maximum load condition in the fire tests. The maximum
load condition is a superimposed load, service load, actual
material properties, characteristic material properties, or the
first crack load representing the worst-case structure sce-
nario. The testing laboratory should indicate the basis for
determining the test load and the condition allowed under
each nationally recognised structural design criteria. The
maximum load condition will facilitate the primary goal of
load testing to demonstrate the safety of a structure against
failure.

The structural fire safety design must consider the severe
condition of the midspan and structural member’s con-
nection during the fire. Even though the fire spread concept
states that the maximum temperature is often recorded at
the midspan of the member instead of the connection, the
literature review showed that the connection elements of any
building structure are critical and vulnerable during the
heating and cooling phases of the building fire. The moment-
rotation-temperature characteristics of the connections at
elevated temperatures are influenced by the fire effects on the
RC structure, including deflection, cracking, spalling, loss of
stiffness, and strength and loss of reinforcement strength.

Finally, the adoption of performance-based structural
fire design (PBSFD) in beam-to-column connections could
explicitly define the levels of structural fire safety perfor-
mance and produce more efficient and economical building
designs [75, 76]. PBSFD uses analytical tools and experi-
mental findings to design structures for fire safety. It does
not rely on the current prescriptive code of requirements for
structural fire protection, known as standard fire resistance
design (SFRD), that does not explicitly evaluate structural
fire performance. It is essential to understand and quantify
the behaviour of the connections for a range of fire scenarios
to ensure a resilient structure for extreme fire events.

5. Conclusions

This paper has reviewed the structural fire performance
testing methods of beam-to-column connections of the fire
testings conducted from 2007 to the present. The structural
fire performance tests of beam-to-column connections
provided significant results on the connections’ fire per-
formance and fire resistance. The required fire performances
were assessed according to standardised test procedures with
strict performance criteria. Based on the literature review,
the following conclusions are drawn.

(i) The fire in a building with large, open compart-
ments tends to travel horizontally and vertically as
flames spread by igniting and burning the fuel in
their path in a limited area at any one time.

(ii) A real fire develops in four phases, growth,
flashover, fully developed, and decay or cooling.
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However, the standard temperature-time fire
curves have little resemblance to the real fire
temperature-time history.

(iii) ASTM E119 and ISO 834 provide the method for
determining the fire resistance of the construction
elements exposed to the standard fire conditions.
However, these standards do not provide the
methods for verifying the fire behaviour of the
connections between building elements. They fo-
cus on separate vertical and horizontal building
elements.

(iv) Despite the lack of fire performance test guidelines
for the beam-to-column connections, researchers
have conducted numerous fire tests on rigid,
semirigid, and  pinned  beam-to-column
connections.

(v) The seven fire testing criteria for the beam-to-
column connections summarised from previous
studies are the materials, type of connections,
method of connections, boundary conditions
(constraints), fire sources, type of analysis, and
load applications.

(vi) There are significant inconsistencies in the loading
applications (Criteria 7), where the load is applied
in the preloading, concurrent, and postfire phases,
or a combination of these phases.

(vii) The issues and challenges faced by researchers are
the selection of structural assembly, arguments of
real fire time-temperature curves against standard
time-temperature fire curves, structural response
of the RC beam-to-column connections in the
cooling phase, test load value, constraints in data
collection, boundary conditions of the column,
and fire intensity at the connections.

(viii) There is a need for researchers and regulators to
provide a standard method for determining the fire
resistance of the beam-to-connection connections
exposed to fire. The test load applied to the beam
has to simulate a maximum load condition during
the fire tests. The structural fire safety design
should consider the severe conditions of the
midspan and structural member’s connection
during the fire. The adoption of PBSFD in beam-
to-column connections has explicitly defined the
levels of structural fire safety performance and
produces more efficient and economical building
designs [77].
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