iriried applied
L sciences

Article

Seismic Behavior and Shear Bearing Capacity of
Ultra-High Performance Fiber-Reinforced Concrete
(UHPFRC) Beam-Column Joints

Dehong Wang 12, Yanzhong Ju 1, Wenzhong Zheng ** and Hao Shen !

1 School of Civil Engineering and Architecture, Northeast Electric Power University, Jilin 132012, China;

hitwdh@126.con (D.W.); juyanzhong@126.com (Y.J.); shenhao572@163.com (H.S.)

Key Lab of Structures Dynamic Behavior and Control (Harbin Institute of Technology), Ministry of
Education, Harbin 150090, China

*  Correspondence: zhengwenzhong@hit.edu.cn; Tel.: +86-0451-8628-2087 or +86-159-0432-1836

check for
Received: 18 March 2018; Accepted: 14 May 2018; Published: 18 May 2018 updates

Abstract: This work aims to investigate the seismic behavior and shear bearing capacity of Ultra-High
Performance Fiber-Reinforced Concrete (UHPFRC) beam-column joints. Quasi-static tests were
conducted on five exterior and four interior reinforced UHPFRC beam-column joints; the behavior
of specimens was examined in terms of failure processes, shear deformation angle, load transfer,
and loadbearing capacity. The influences of the joint types, axial compression load level, and stirrup
ratio in joint cores on the failure modes and shear carrying capacity of joints were analyzed. The
shear resistance mechanism of a reinforced UHPFRC beam-column joint consists of the diagonal
strut and truss mechanisms. The role of steel fiber through cracks is similar to reinforcement bars in
the truss mechanism; based on these mechanisms and the test results, a formula was proposed to
predict the shear carrying capacity of reinforced UHPFRC joints. The formula can reflect the effects
of axial compression load level, steel fiber content, and stirrup ratio in the joint core on the shear
carrying capacity of the beam-column joint, which can be used not only for UHPFRC beam-column
joint design, but also steel fiber high-strength concrete joints.

Keywords: UHPFRC; beam-column joints; seismic behavior; shear carrying capacity; steel fiber

1. Introduction

The beam-column joint is the important element in the reinforced concrete (RC) frame structure,
which carries large horizontal and vertical shear forces as the internal forces of beam and column
transfers through joints. Earthquake damage demonstrates that beam-column joints are susceptible
to shear failure. In order avoid shear failure, a high percentage of transverse stirrups are required in
the joint core [1], which may lead to reinforcement congestion and, thus, construction difficulties in
casting concrete in the joint regions [2,3]. Fiber RC may be a feasible solution to reduce the congestion
of stirrups in the beam-column joint core [4,5]. The main objective of this research is to provide
experimental evidence of the behavior of beam-column joints with UHPFRC under earthquake loads
and with various design parameters, and determine the effect of UHPFRC on the shear bearing capacity
of beam-column joints.

Since the mid-1960s, numerous researchers have conducted a series of studies on the calculation of
the shear carrying capacity of beam-column joints, and proposed certain analytical models; for instance,
the diagonal strut mechanism, truss mechanism [6], softened strut-and-tie model, simplified softened
strut-and-tie model [7,8], general analytical model [9], and two diagonal axial springs model [10].
Those models and their parameters were mainly developed based on the experimental results of
beam-column joints with normal concrete (NC); however, the mechanical properties vary significantly
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between UHPFRC and NC. The compressive strength of UHPFRC ranges from 120 to 800 MPa; its
fracture energy can reach 40,000 J/ m?, its toughness index (TI) can reach 3.5, and its ultimate tensile
strain can reach up to 0.0003 [11-13]. The improvement of UHPFRC in terms of strength, toughness,
and deformation capacity will influence the failure characteristics of the structure, which may affect
the load-carrying capacity. Yang et al. [14] conducted a test on the torsional behavior of the UHPFRC
beam and investigated the effect of the transverse and longitudinal reinforcement ratio on the angle of
the diagonal compressive stresses. Shi et al. [15] investigated the bearing features of UHPFRC columns
under eccentric compression and developed a simple analytical method for calculating the ultimate
loads of UHPFRC columns. Existing test result of UHPFRC beam and column components indicated
that the existing models or parameters are not completely suitable for UHPFRC structures. Very little
research has been done on seismic behavior and shear-bearing capacity UHPFRC beam-column joints.
The compressive strength, tensile strength, and ultimate strain of UHPFRC are all higher than that of
NC, so the cracking load and ultimate bearing capacities of the UHPFRC joint should be different to
those of the NC joint. On the other hand, the UHPFRC usually contain no coarse aggregates, and the
aggregate interlock forces are nearly nonexistent. However, the steel fiber that exists in UHPFRC may
change the failure process and modes, and lead to change the load bearing capacity. Therefore, it is
necessary to investigate the behavior and failure mechanism of the UHPFRC joint under earthquake
loads through experiments, analyze the components of shear resistance, and suggest a formula for
calculating the shear bearing capacity of UHPFRC beam-column joints.

2. Test Program

2.1. Specimen Details

A total of nine (five exterior and four interior) UHPFRC beam-column joints were cast and tested
under cyclic loading. For the purpose of obtaining the shear strength of the UHPFRC beam-column
joints, all specimens were designed based on the weak joint-strong component design principle, and
shear failure was expected in the joint core. All specimens were designed with the same dimensions.
The beam cross-section was 150 x 250 mm, and the column cross-section was 200 x 200 mm. Figure 1
illustrates the size and details of the reinforcement of specimens. The test specimen variables included
the stirrup ratio in the joint core and axial compression load level. The specimen design parameters
are displayed in Table 1.

2.2. Materials

For the UHPFRC joint specimens, the UHPFRC was prepared with the following ingredients:
ordinary Portland cement (P.O. 42.5), silica fume (with a specific surface area of 143,100 cm?/ g and
specific gravity of 2.21 kg/ m3), quartz sand, steel fiber (13 mm long with a diameter of 0.2 mm
and tensile strength of 2950 MPa), superplasticizer, and water. The UHPFRC mixture proportions
are displayed in Table 2. The volume percentage of the steel fiber was 1.3%. Three cubic specimens
(100 x 100 x 100 mm) were cast together with each UHPFRC joint specimen to determine the UHPFRC
strength. Strength and quasi-static tests of joints were carried out on the same day. The compressive
strength of the UHPFRC is indicated in Table 1.
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Figure 1. Sizes and details reinforcement of specimens.
Table 1. Specimen parameters.
Longitudinal Reinforcement in Beam  Longitudinal Reinforcement in Column
. . UHPFRC Compressive . . .
Specimen oint Type Stirrups in Joint Core Nifc A;
P J yp Strength, MPa Top and Bottom Type Total Rebar Type psin] Ifc Aj
Rebar
EJ-1 Exterior 91.83 3-D14 HRB400 4-D14 HRB400 0 0.5
EJ-2 Exterior 103.95 2-D20+1-D10 HRB400 4-D14 HRB400 1-D6, 2 legs hoop 0.3
EJ-3 Exterior 98.45 2-D20+1-D10 HRB400 4-D14 HRB400 1-D6, 2 legs hoop 0.5
EJ-4 Exterior 89.85 3-D14 HRB600 4-D14 HRB600 0 0.3
EJ-5 Exterior 97.63 3-D14 HRB600 4-D14 HRB600 1-D6, 2 legs hoop 0.3
J-1 Interior 112.3 3-D14 HRB400 4-D14 HRB400 0 0.3
J-2 Interior 104.1 3-D14 HRB400 4-D14 HRB400 0 0.5
J-3 Interior 105.8 3-D14 HRB400 4-D14 HRB400 1-D6, 2 legs hoop 0.3
J-4 Interior 98.5 3-D14 HRE400 4-D14 HRE400 1-D6, 2 legs hoop 0.5

1. The longitudinal reinforcement area in beam of specimens EJ-1, EJ-4 and EJ-5 is the same, but the steel strength is different; 2. The load bearing capacity of longitudinal reinforcement in

beam of specimens EJ-2, EJ-3, EJ-4 and EJ-5 is the same.
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Table 2. UHPFRC mixture proportions (per m3).

Silica 0.16~0.315 0.315~0.63 0.63~1.25 Steel
Material  Cement mm Quartz mm Quartz mm Quartz . Super-Plasticizer Water
Fume Fiber
Sand Sand Sand
Iz/l[(ags)s 756.7 227.0 169.6 370.8 737.7 105.8 204 216.4

The longitudinal reinforcement bars in the beam and column were the HRB400 and HRB600 grade
deformed steel bars, while the stirrups were the HPB300 grade plain bars. The effective diameter and
measured mechanical properties of the steel bars are listed in Table 3. Figure 2 shows the stress-strain
curves of HRB400 and HRB600 grade steel bars.

Table 3. Material parameters of reinforcement.

Type of Effective Yield Ultimate Elastic
Rein};l())rcemen ¢ Application Diameter Strength Strength Modulus
(mm) (MPa) (MPa) (GPa)
HPB300 Transverse stirrup 6 353.56 398.30 210
HPB300 Longitudinal bars 9.5 360.6 522.2 201
HRB400 Longitudinal bars 14 423.40 632.40 200
HRB400 Longitudinal bars 20 441.90 588.60 200
HRB600 Longitudinal bars 14 651.00 861.67 195
1000
—— HRB400
—— HRB600
750 1
5
500
=
©
2501
0 y T . T . ; . ' .
0 5 10 15 20 25
& (%)

Figure 2. The typical stress-strain curves of HRB400 and HRB600 grade steel bars.

2.3. Test Setup and Loading Procedure

The beam tip was subjected to a cyclic load as the column was subjected to a constant compressive
load. A schematic of the test setup is provided in Figure 3. The bottom and top of the column formed
a hinged support, which was simulated by solid steel circular shafts placed between the hole of two
steel connectors. The compressive load of the column end was applied by a 2000 kN hydraulic jack.
The cyclic load of the beam tips was applied by two electro-hydraulic servo actuators. According to
the Chinese code [16], the seismic loading scheme consisted of two phases, namely the load-controlled
and displacement-controlled phases. At the beginning of the test, the specimens were under reverse
cyclic loading with load control, in which only one cycle of each load level was applied. When the
specimen experienced cracking in the joint core or the longitudinal reinforcements in the beam reached
their yield strain, the process was switched to displacement control. The corresponding displacement
of the beam tip is defined as Ay. During the displacement-controlled phase, three cycles were applied
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for each displacement level, and the displacement amplitude was Ay. The test was terminated when
the load-carrying capacity of specimens dropped to less than 85% of the maximum load or eventually
failed. For interior UHPFRC beam-column joint specimens, the left and right beam tips are subjected
to reverse loading simultaneously, with an equal loading rate.
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Figure 3. Test setup: (a) exterior joint and (b) interior joint.

The instrumentation was designed to monitor the overall specimen response and load resistance
mechanism in the beam, column, and joint. The vertical load and displacement of the beam tip were
measured by load and displacement sensors. The strains in the longitudinal reinforcement bar and
stirrups were monitored by strain gauges. The UHPFRC strain in the joint regions was measured by
gauges attached to surfaces of these regions. The shear distortions of joints were measured by two
displacement sensors installed in the joint regions. The joint shear deformation angle was calculated
by [17]:

Va? + b2

= —(A A A A 1
0 5ah (A4 Ax + A3+ Ay) 1)

in which v is average joint shear deformation angle; a and b are the horizontal and vertical distances
between the end points of the diagonal, respectively; and (A1 + Ay) and (A3 + Ay) are the changes in
diagonal lengths.

3. Results and Discussion

3.1. Cracking Patterns

The failure modes of the nine tested specimens under reverse cyclic loading were found to be
similar. Firstly, a flexural crack appeared in the beam adjacent to the joint region; then, diagonal
cracks appeared in the joint core; finally, shear failure occurred in the joint core. The failure processes
consisted of four stages: initial crack, penetrating crack, ultimate carrying capacity, and failure stage.

At the beginning of the first stage, several flexural cracks appeared in the beam. When the cyclic
load reached 50% to 75% of the maximum peak load, the first diagonal crack with a small width and
length appeared in the diagonal direction of the joint regions. The UHPFRC strains in the joint core
were 282 x 1070~396 x 107 at the initial crack moment. In the reverse direction loading phase, a
diagonal crack was observed along another diagonal. Compared to reinforced high-strength and NC
beam-column joints, reinforced UHPFRC beam-column joints exhibit a higher initial cracking strength.
Average shear stress value (Vjcr/(bjh;)) of UHPFPC joint is 3.84 MPa when cracks appear in the joint
area. The average crack shear stress value of total 22 NC joints from literature [5,18,19] is 2.60, which
is 32.3% smaller than that of UHPFPC joint. This may be explained by the fact that UHPFRC has a
higher tensile strength and ultimate tensile strain than high-strength concrete and NC without steel
fiber. The tests demonstrated that the stirrup strains in the joint core were small, indicating that its
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function during the stage was smaller, which means that the joint shear force was primarily resisted by
UHPERC. The initial crack shear strengths of all of the same joint types were similar, indicating that
the initial crack shear strength of the joint depends primarily on the UHPFRC tensile strength, rather
than the stirrups in the joint core.

Following cracking, with an increase in displacement and cycle times, the initial crack along
the diagonal direction continued to elongate. A number of small cracks were observed along two
diagonal directions of the joint core with an increase in loading, which divided the UHPFRC joint core
into several diamond-shaped sections. The width of the two main diagonal cracks in the orthogonal
directions continued to increase, with the largest crack reaching a 0.3 mm to 0.5 mm width. The two
main diagonal cracks propagated towards the lower and upper corners of the joint and eventually
passed through the entire joint regions, and this stage is referred to as “penetrating crack”.

With a further increase in displacement, the load-carrying capacity of the joint increased within a
small range, up to the maximum load, and the specimens entered the third stage. During this stage,
the joint cracks became unstable and propagated up and down into column. The crack width increased
significantly, and the shear deformation of the joint regions multiplied. Some steel fibers in the main
cracks were pulled out, followed by some UHPFRC spalling at the intersection of the two orthogonal
diagonal directions. The stirrup strains increased rapidly, and the stirrups in the joint core reached
their yield before the load reached its maximum. Therefore, the function of stirrup is greater during
the second stage than the first stage. During this stage, the UHPFRC and stirrups resisted diagonal
tensile stresses, while the UHPFRC resisted diagonal compressive stresses.

In the final stage, the cracks continued to propagate and were accompanied by joint bulging in
both the in-plane and out-of-plane directions, while the shear deformation of the joint regions increased
further. The bulging heights were approximately 2 to 5 mm in the in-plane direction. The joint bulging
can be attributed to an increase in volumetric strain, resulting from a lack of confinement of the joint
core. Finally, several steel fibers were pulled out from the matrix, and UHPFRC crushing or spallation
may have occurred in main crack edges at the loading ends; however, the specimen remained as an
integral whole, which differs from NC joints. The results indicated that axial compression load level,
stirrup ratio in joint, and steel strength have little effect on final failure mode of UHPFRC joint core;
the failure modes of UHPFRC joint specimens are illustrated in Figure 4.

Figure 4. Typical failure modes of exterior and interior joint specimens: (a) exterior UHPFRC joint,
(b) interior UHPFRC joint.

It can be seen from Figure 4 that the inclination angle of cracks in the exterior joint is larger than
that of the interior joint. The inclination angle of five exterior joints” main cracks vary from 54°~71°,
with a mean of 64.2°, and the inclination angle of main cracks in the interior joint is about 56°. This can
be attributed to the different anchorages of longitudinal rebar in the beam between the exterior and
interior joints. The straight anchored bar is commonly used in interior joints. In order to satisfy the
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anchorage requirements, a 90° hook was used in the beam longitudinal rebars of the exterior. During
the early loading stage, the tension force in the beam longitudinal rebars was mainly balanced by bond
stresses between the UHPFRC and horizontal segment of the hooked beam rebars. No stress occurred
in the vertical segment of the hooked beam rebars, and the compressive stress of the UHPFRC from the
vertical segment of the hooked rebars was zero. With increased loading, the bond deterioration of the
horizontal segment rebars increased, as did the compressive stress of the UHPFRC from the vertical
segment. The higher compressive stress from the vertical segment resulted in diagonal struts with
larger inclination angles. A larger axial compression load leads to larger inclination angles of diagonal
struts. The principal stress orientations were inconsistent with the diagonal of the joint; therefore, the
crack inclination angles in the exterior joint were larger. Compared to the exterior joint, there was no
compressive stress from the vertical segment, and the crack orientations were almost consistent with
the diagonal of the joint. The UHPFRC column was subjected to combined axial compressive, moment,
and shear forces, and the crack angles were greater than 60 degrees at the joint to the column.

3.2. Load Deflection Behavior of UHPFRC Joints

According the Chinese code for the seismic design of buildings, the shear force (V) of a joint can

be expressed as [20]:
o
V= Y. My <1 _ hyo as) )

in which ) Mj, is the total end bending moment of the beam-adjoining joint core, ), My = P;L1 + Py Ly,
particularly for exterior joints, and P,L, = 0; H, is the total column depth; h; is the total beam depth;
hyy is the effective beam depth; and a/ is the distance from the resultant force center of the compressive
reinforcement to the compressive edge.

The shear deformation angle () of joints can be calculated according to Equation (1). Figure 5
illustrates the shear force (V;)-deformation angle (7) hysteretic loops and skeleton curves of the eight
specimens, except for specimen EJ-1 with a smaller shear deformation angle. The V-7 hysteresis loops
of the UHPFRC beam-column joint exhibit the following characteristics:

(1) During the load control stage, little shear deformation occurred at the joint, and the slopes of
the loading and unloading curves in the hysteresis loops were basically overlapping prior to
joint cracking.

(2) During the displacement control stage, in the 1A, displacement stage, the shear deformation
angle of the joint was very small, and strength degradation was not observed. During the 24,
stage, the slope of the hysteresis loops began to decline; however, the decline rate was small.
The maximum shear carrying capacities of eight specimens were reached in the first 2A, cycle.
During the second and third cycles of the 2A,, displacement, strength and stiffness degradation of
specimens was observed.

(3) The shear angles of specimens EJ-1 and EJ-4 were relatively small, which may be explained by
the fact that more obvious beam failure was observed for specimens EJ-1 and EJ-4 than other joint
specimens. For other specimens, the shear deformation angles of joints became evident in the
first 3A,, cycle, but the shear strengths decreased only slightly. This indicates that the deformation
and toughness of the UHPFRC beam-column joint were effective. As the cycle times increased,
the shear deformation angles of the specimens continued to increase, and the strengths began to
decrease until failure. Because of the steel fiber, the UHPFRC has a higher toughness than NC;
the ultimate shear deformation angles of UHPFRC joint are considerably larger than that at peak
shear load. The shear deformation angles ratio between ultimate state and peak shear load range
from 1.45 to 8.56, and the average value is 5.79. This indicates that UHPFRC beam-column joints
have good deformation capacity.

(4) From the comparisons of specimens EJ-2 and EJ-4, and specimens E]J-3 and EJ-5 with same beam
reinforcement load bearing capacity, it can be seen that the use of HRB600 grade high-strength
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steel bars with relatively high yield strain and low elastic modulus can improve ductility and
strength degradation of UHPFRC joints.
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Figure 5. Shear force versus shear deformation angle of joint cores: (a) specimen EJ-2; (b) specimen
EJ-3; (c) specimen EJ-4; (d) specimen EJ-5; (e) specimen J-1; (f) specimen J-2; (g) specimen J-3; and
(h) specimen J-4.

For better examination on the effect of test parameters, the envelope curves of hysteretic loops
of the same kind of joint are plotted in a single graph, as shown in Figure 6. It can be seen from
Figure 6 that an increase in the axial compression load can improve the shear carrying capacity of
specimens. This is because the increased column compression extends the compression zone, making
the sectional area of the UHPFRC diagonal strut resist the compression increase. Moreover, appropriate
compression stresses can improve the initial crack strength of UHPFRC and cause cracks to reclose.
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Therefore, the favorable effects of the axial compression load level on the shear strength should be
reasonably considered. When it exceeds a certain range, any increase in the column compression load
will extend the compression zone further along the joint boundaries. As a result, the inclination of the
diagonal compression strut will decrease, as will its contribution in resisting the shear force [21].

400 500 _
—a— Specimen EJ-2 —&— Specimen J-1
—e— Specimen EJ-3 —&— Specimen J-2
200 —*— Specimen EJ-4 250- —*— Specimen J-3
—v— Specimen EJ-5 —w— Specimen J-4
é 0+ é 04
N7 N7
-200- -250
-400 T T T -500 ————— T
-10 -5 0 5 10 -25 220 -15 -10 -5 0 5 10 15 20 25
y (107 rad) 7 (x10” rad)
(a) (b)

Figure 6. Envelope curves of shear force versus shear deformation angle of joint cores: (a) exterior joint
and (b) interior joint.

The maximum shear strengths for specimens J-1 and J-3 were similar, but the shear bearing
capacity of ]-4 was reduced by 7.5% compared to J-2, the main reason being that the UHPFRC strength
of specimen J-4 was lower than that of specimen J-2. Kim et al. [22] and Tran et al. [23] investigated
the influence factors for the shear behavior of RC beam-column joints, and the results demonstrated
that the concrete compressive strength was the main governing parameter for the joint shear strength.
Furthermore, the shear bearing capacity of the UHPFRC joint was mainly dependent on the UHPFRC
strength as well. However, with fewer stirrups configured in the joint core, the stirrups yielded before
the maximum shear strength. The shear force in the joint was mainly carried by the UHPFRC, rather
than the stirrup, at the peak shear force moment.

The joint type is another factor affecting the shear carrying capacity of beam-column joints. It can
be seen from the figure that the shear strength of the interior joints was higher than that of the exterior
joints, which can be attributed to changes in the UHPFRC diagonal strut. Because a vertical anchoring
portion of the beam bar was present in the joint, the diagonal compression strut in the exterior joints
had a smaller cross-section and larger inclination angle than that of the interior joints. In this research,
the shear strength ratio of exterior to interior joints is approximately 80%, and similar behavior has
been observed in normal and high-strength concrete beam-column joints [21,24,25]. A similar result
for NC joints was reported by other researchers, in which the shear strengths of exterior joints are
approximately 80~90% of those of interior joints [24].

Figure 7 illustrates the typical curve of the stirrup strain versus beam tip load. The figure indicates
that, prior to UHPFRC cracking in the joint regions, the stirrup strains of were small, generally less
than 800 x 10~°. The stirrup strains can be restored during unloading. Following cracking, the stirrup
strains in the joint core increased rapidly and maintained residual deformation when unloading.
During the first cycle of 2A,, the stirrup strains in the joint core rapidly increased to 2100 x 10~ to
2600 x 10~°, indicating that the stirrup was close to yield, and the strains could recover partially after
unloading. In the reverse direction loading, the stirrup yielded when the load approached the peak.
The results indicate that the UHPFRC exhibited a higher deformation capacity under tensile stress
owing to the use of steel fiber, which can enhance ductility and improve the deformation capacity of
beam-column joints.
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Figure 7. Strain of stirrups in joint cores: (a) specimen EJ-5 and (b) specimen J-4.

When the load neared the peak load, the stirrup in the joint core yielded owing to the low stirrup
ratio, so the effect of resisting the stirrup shear force in the joint core was fully utilized. Furthermore,
with the stirrup restraint effect in the joint core, shear cracks in the joint appeared late, and the shear
carrying capacities of the joints were improved. However, when the stirrup ratio exceeds its upper
limit value, most stirrups do not yield when UHPFRC crushing occurs in the joint core, and the effect
of resisting the shear cannot be fully achieved, which would result in a higher value of the calculated
shear carrying capacity. Owing to the limited number of specimens in the test, further research should
be conducted, aimed at determining the upper and lower limitations of the stirrup ratio suitable for
UHPFRC beam-column joints.

4. Calculation Method of Shear Carrying Capacity of UHPFRC Beam-Column Joint

4.1. Shear Resistance Mechanism of UHPFRC Beam-Column Joint

As a critical element in RC frame structures, beam-column joints in complicated stress conditions
play the important role of transferring forces, including the bending moment, shear force, and axial
force. Orthogonal diagonal compressive and tensile stresses exist along the diagonal direction of
the joint core panel in the joint when they carry horizontal and vertical compression forces that are
transferred from the beam as well as column. The diagonal compressive stress is resisted by UHPFRC
diagonal strut in joint core, and the horizontal component force of the diagonal compression force is the
horizontal shear strength of the joints. Therefore, the mechanical model can be simplified as a diagonal
strut, as illustrated in Figure 8b. Unlike NC crushing under compressive load, the compression failure
mode of UHPFRC is usually cracked in the compressive stress direction and bulges in the other
direction because of the existence of fiber, so diagonal strut UHPFRC never crushes, and contributes
to a large proportion of the shear carrying capacity of joints, even in the failure stage. The reinforced
stresses are very small before joint cracking, and the diagonal compressive stress and tensile stress are
mainly resisted by the UHPFRC in the joint core. When the diagonal tensile stress exceeds the tensile
strength of UHPFRC, an initial crack is formed. The higher tensile strength and peak tensile strain of
UHPEFRC cause beam-column joints to exhibit higher initial cracking strength. Following cracking,
the diagonal tensile stress is mainly resisted by the stirrup and steel fibers in the UHPFRC fracture
surface, as illustrated in Figure 8c,d. The stirrup, steel fiber, and longitudinal steel bar across joints’
core form a truss. The stirrup and steel fibers constitute the horizontal tie, and vertical reinforced bars
(if they exist) and steel fibers constitute the vertical tie. With a further increase in the displacement and
cycle, the joint diagonal strut mechanism gradually undergoes degradation in carrying the diagonal
compressive stress, owing to UHPFRC cracking. Therefore, the horizontal shear force is resisted by
the UHPFRC friction resistance and the dowel force of the steel bars and steel fibers. However, the
aggregate interlock forces of UHPFRC joint are smaller than those of RC joint, because there is no
coarse aggregate in UHPFRC.
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Figure 8. Calculation method of shear carrying capacity of UHPFRC beam-column joint: (a) external
actions of joint, (b) UHPFRC, (c) steel fiber, and (d) stirrup.

Based on the above analysis, the shear carrying capacity of the examined joint is the summation
of the shear resistance of the UHPFRC diagonal strut, fibers, and stirrup, the calculation model of
which is illustrated in Figure 8. Thus, the shear carrying capacity expression can be defined in the form
of Equation (3); that is,

‘/j:Vc+Vf+st (3)

in which V; is the shear carrying capacity of the UHPFRC joint, V. is the horizontal component force of
the diagonal compression force resisted by the UHPFRC diagonal strut in the joint core, Vy is the shear
carrying capacity of the steel fibers, and Vi is the shear carrying capacity of the stirrup.

4.2. Components of Shear Carrying Capacity

4.2.1. Shear Force Carried by UHPFRC in Joint Core

The shear carrying capacity of the UHPFRC in the joint core is dependent on the compressive
strength of the UHPFRC diagonal strut, the value of which is the component force of the compressive
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strength of the UHPFRC diagonal strut in the horizontal direction. The inclination angle is 6; that is,
the angle between the diagonal compressive strut and horizontal direction is defined as

1
6= arctan(h—z’/) 4)
in which k) and k! are the distances between the compression and tensional longitudinal reinforcement
centerline of zone in the beam and column, as illustrated in Figure 8a. However, for exterior joints, h!
has a different definition, namely, the distance from the extreme longitudinal reinforcement axis in the
column to the bar extension axis at the free end of the 90-degree hooked bar.
The effective area of diagonal strut A can be computed using Equation (5); that is,

Astr = bs X g (5)

In the equation, b; is the diagonal strut width and can be approximately regarded as the width
of joint section b;, which is the lesser value of (by 4+ be) /2, (by + 0.5k.), and b, in which by, and b, are
the section widths of the beam and column, respectively, and k. is the height of the column section.

Moreover, a5 can be evaluated according to the equation a; = 4/ 11% + a2, in which a;, and a, are the
compression zone heights in the beam and column, respectively. If the beam adjacent to the joint core
does not continue to burden the compression force owing to the appearance of a conspicuous bending
plastic hinge and severe UHPFRC spalling when the joint fails, gy, is 0; if not, it can be considered as
1/5 of the beam section height in the calculation of 45. The determination of a. adopts the equation
proposed by Paulay and Priestley [6], namely, a. = (0.25 + 0.85N/ f/bchc)he, in which N is the axial
compressive load acting on the upper column, f/ is the cubic compressive strength of UHPFRC, and b,
and h, are the geometric dimensioning of the column section.

Because of the complicated tensile-compressive cyclic stress state, the diagonal compressive
strength and corresponding compressive strain of the concrete in the diagonally cracked joint core
panel are less than those of the concrete in the uniaxial compressive test; that is, the strength in the
principal compressive direction is softened by the principal tension in the perpendicular direction [26],
and UHPFRC exhibits characteristics of decreasing. This study adopts the softening coefficient  to
account for this phenomenon. Existing research has demonstrated that  is associated with f/ and
the principal tension strain ¢,. Based on the experimental results, the softening coefficient { can be
approximated by Equation (6), as follows [27]:

3.35
pr— 6
¢ \/ﬁ ©

The shear carrying capacity of UHPFRC can be calculated using Equation (7):

h//
Ve = {fl Agty cos 0 = 3.35+/fl Astr cos [arctan(hf’/)} (7)
c

4.2.2. Shear Force Carried by Steel Fiber

The test results indicate that the majority of steel fibers bridging across the cracks constantly carry
the diagonal tensile stress like the shear reinforcement, until the third stage of the failure process.
Therefore, steel fibers can be regarded as dispersed reinforcement bars. Furthermore, owing to the fact
that the length of steel fibers incorporated into UHPFRC is less than the critical length of fibers when
they are broken, steel fibers are not broken, but rather pulled out from the UHPFRC matrix. The tensile
capacity of the steel fibers Fy is mainly dependent on the adhesion between the fibers and UHPFRC
matrix, which can be expressed as:

l
Ff = 2TfépfAf (8)
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In Equation (8), 7y is the adhesive stress between the steel fiber and UHPFRC matrix; I /d; is
the length-diameter ratio of the steel fiber; p is the volume percentage of steel fiber to total UHPFRC
volume; and Ay is the area of crack interface.

However, the positions of random fibers incorporated into UHPFRC are not only vertical to the
crack interface, and the lengths embedded in the UHPFRC across cracks are not equal, resulting in
fibers being more easily pulled out from the shorter end and the distribution of fibers in specimens not
being symmetrical. These factors have adverse effects on F; and cause the actual value of F to be less
than the calculated value from Equation (8). Therefore, a coefficient f is introduced to Equation (8) to
account for the adverse effects of these factors, and can be expressed as

)
Ff = ZﬁTfépfAf (9)

We define Ay = (l f/d f> Vr, with A representing the characteristic coefficient of steel fibers
and 1 = 2B1y representing the pulled-out total effective coefficient of steel fibers. The relation of 7
versus Ay (as shown in Figure 9) following cracking is acquired through regressive analysis on the
experimental results of UHPFRC conducted in [28,29]. When the length-diameter ratio varies from 56
to 75 and the volume percentage of steel fiber varies from 0% to 5%, then

7 = 16447 — 14.30A%" (10)
40,
. e Test data
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Figure 9. 7 versus A relation curve.

The main crack interface is approximated as the diagonal of joints, so the crack interface area

Af = \/h2 + h? x b., and A rsin® =~ hy x bc. Hence, the horizontal shear carrying capacity of steel
fiber can be calculated by the expression

Vi = ApAgsin® = (16,447 — 14.30A%%")A chybe (11)

4.2.3. Shear Force Carried by Stirrup in Joint Core

In general, the effects of stirrups are asynchronous owing to the different crack positions and
widths in the joint, and not all stirrups yield completely when the joint fails. Hence, the factor 1 is
incorporated into the calculation for the contribution of stirrups in UHPFRC beam-column joints.
Therefore, the shear carrying capacity V;, of stirrups can be expressed as

ho—a;

Voo = wfyvAsvf (12)
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In Equation (12), fy» is the stirrup yield strength; A is the sum of each section area of the stirrups
in the same vertical joint section; s is the spacing of stirrups; hy is the effective height of the beam section
adjacent to the joint; 4} is the minimum distance from the compressive longitudinal reinforcement axis
to the extreme section edge in beam; and ¢ is the non-uniformity coefficient of the stirrups, which
varies between 0.85 and 1. When the stirrup characteristic value (ps fyy / fe,psv is volume stirrup rate
of joint, fy, is the strength of stirrup, and f, is the strength of RPC) is greater than or equal to 0.25,
¢ = 0.85 should be used; when the stirrup characteristic value less than or equal to 0.1, ¢ = 1.0 should
be used; for all other cases, 1 should be computed with linear interpolation method according to the
stirrup characteristic value of joint.

Combining Equations (3), (7), (11) and (12), the shear carrying capacity V; of the UHPFRC
beam-column joints can be expressed as

1 /

h hy—a
Vj = 3.35\/fl Asr cos [arctan(hz,)] + (16.447 — 14.30A3 V) A thybe + ¢ fyo Aso 0 )

In order to account for the influence of joint type, factor 7 is introduced into Equation (13), which
can be expressed as

"

h ho — a’
V= 7{3.35\/7;1%” cos {arctan(hz,)} + (16.447 — 14.30A V) A chybe + 9 fyoAso 0 . S} (14)

in which <y is 0.8 and 1 for exterior and interior joints, respectively.

4.3. Verification of Proposed Calculation Formula for Shear Carrying Capacity

In order to verify the proposed formula, the shear carrying capacities of 13 existing specimens
(including nine UHPFRC beam-column joints in this paper and four interior steel fiber reinforced
high-strength concrete beam-column joints described in the literature [30]) were calculated using
Equation (14) and compared with the experimental values calculated using Equation (2). The
comparison results of the 13 specimens are displayed in Table 4. All selected specimens were subjected
to cyclic loading on the beam tip, and their failure modes were mostly joint shear failure. It can
be seen from Table 4 that the calculated shear carrying capacities of both the exterior and interior
reinforcement beam-column joints are in close agreement with the experimental values, with the
exception of specimen EJ-1. The ratio of the mean calculated values V7 to experimental values V].t is
1.018, while the variance and coefficient of variation are 0.106 and 0.105, respectively. The experimental
value of specimen EJ-1 is approximately 25% smaller than the calculated value, which can be explained
by the fact that more serious flexural failure at the beam end was observed for specimen EJ-1 than for
other specimens.

Table 4. Comparison of calculated and experimental values.

be X hed by X Iyl Volume Stirrup in Design Axial
Specimen  f.u/MPa coe b 7 b Percentage of trrup fy/MPa  Compression V;'/kN V;/kN V;!/V;
mm X mm  mm X mm . Joint Core ] ] e
Fiber Load Level
EJ-1 91.83 200 x 200 150 x 250 13 0 - 0.5 216.9 290.1 0.748
EJ-2 103.95 200 x 200 150 x 250 1.3 16 353.6 0.3 271.2 276.9 0.979
EJ-3 93.45 200 x 200 150 x 250 1.3 16 353.6 0.5 302.6 302.8 0.999
EJ-4 89.85 200 x 200 150 x 250 1.3 0 - 0.3 2329 258.6 0.901
EJ-5 97.63 200 x 200 150 x 250 1.3 16 353.6 0.3 312.6 273.3 1.144
J1 112.3 200 x 200 150 x 250 13 0 - 0.3 374.8 339.2 1.105
J-2 104.1 200 x 200 150 x 250 1.3 0 - 0.5 410.2 368.5 1.113
J-3 105.8 200 x 200 150 x 250 1.3 16 353.6 0.3 380.9 347.4 1.096
J-4 98.5 200 x 200 150 x 250 1.3 16 353.6 0.5 379.2 378.5 1.002
JDZ0.3-0.5-0.6  82.1 200 x 200 150 x 250 0.5 298 307 0.3 328.1 335.2 0.979
JDZ0.2-1.0-0 79.1 200 x 200 150 x 250 1.0 0 - 0.2 330.9 302.3 1.095
JDZ0.3-1.0-0 81.7 200 x 200 150 x 250 1.0 0 - 0.3 348.4 332.1 1.049

JDZ0.4-1.0-0 78.1 200 x 200 150 x 250 1.0 0 - 0.4 360.5 352.1 1.024
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5. Conclusions

)

@)

®)

4)

)

A reinforced UHPFRC beam-column joint has a higher initial cracking strength and shear carrying
capacity. Furthermore, the integrity of UHPFRC joint specimens is superior to NC joints when
they eventually fail.

A suitable configuration of the transverse closed stirrup can enhance the shear carrying capacity
owing to restraining occurrences and development of cracks. The shear bearing capacity of
exterior joints is smaller than that of interior joints with the same sectional area and reinforcement.
The shear strengths of exterior joints are approximately 80~90% of those of interior joints.

The use of HRB600 grade high-strength steel bars with relatively high yield strain and low elastic
modulus can improve the ductility and strength degradation of UHPFRC joints.

The shear resistance mechanism of the reinforced UHPFRC beam-column joint consists of the
diagonal strut and truss mechanisms. Steel fibers, such as the dispersive reinforcement bars,
constitute the horizontal and vertical ties in the truss mechanism.

Based on test results, a formula (Equation (14)) was proposed, which can predict the shear bearing
capacity of reinforced UHPFRC and steel fiber high-strength concrete joints. In the formula, the
contribution of steel fibers to shear carrying capacity of joints was determined based on the test
bond strength between steel fibers and UHPFRC matrix.
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