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The shear key in the reinforced concrete open-web sandwich plate (RCOSP) is a block joint that connects with the top chord and
the bottom chord. In order to understand the failure mode of the shear key and verify the accuracy of the current algorithm, a total
of 9 test pieces are prepared and classified 3 groups were assigned longitudinal reinforcement (LR) ratios of 0.49%, 0.82%, and
1.24%, respectively. The horizontal concentrated static loading under simple support condition is carried out. The test results show
that the shear key is horizontally cut and the concrete is pulled apart or crushed along the direction of chord width at the shear key-
chords area; the strain level of the concrete and stirrup of the shear key is lower averagely; the development of the horizontal
displacement and the strain of the longitudinal bars of the test pieces goes through elastic, elastoplastic, and plastic stages; the
ultimate load of the test pieces has almost no relationship with the reinforcement ratio of shear key but is controlled by the degree
of crack development in the area where shear key connects with the chords. To avoid the current algorithm overestimating the
shear capacity of shear key, the restricted condition of shear section is proposed. The finite element analysis (FEA) further verifies
that the restricted condition of shear section proposed in this paper is reasonable and necessary.

(2) The space between top chord and bottom chord can
be used as channel for various kinds of pipelines; no
suspended ceiling is required, playing a part in
beautifying appearance and saving story height

1. Introduction

The open-web sandwich plate floor is a kind of novel floor
developed on the basis of open-web grid, its appearance is
similar to that of the reinforced concrete open-web grid in
Figure 1(a), and the height of the open-web grid is 1/16 to 1/
18 in short span direction [1]. The open-web part is com-
posed of top chord, bottom chord, and the shear key that

(3) The existence of the gap between top chord and
bottom chord can effectively reduce the dead weight
of the structure and minimize the seismic effect

connects with top and bottom chords; the surface course is
cast-in-situ or precast reinforced concrete slab; see
Figure 1(b) for its composition. This floor overcomes the
disadvantage that the shear stiffness of the open-web grid is
bad and has the following advantages:

(1) It is mostly used in large-span (commonly used span
is 18 to 30m) multistory building and the floor
height is small (1/24 to 1/30 in short span direction),
improving the land utilization

(4) The partition on the floor can be divided flexibly as
needed

The study shows that, under the action of vertical load,
the bending deflection with the top chord and bottom chord
of the RCOSP is obvious, but the shear key mainly shows the
shear deformation [2], the deformation of the open-web
sandwich plate mainly is bending, which accounts for about
85% of total deformation, and the shear deformation ac-
counts for about 15% [3] of total deformation. The flexural
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FIGURE 1: Structure composition schematic diagram. (a) Reinforced concrete open-web grid. (b) Reinforced concrete open-web sandwich

plate floor.

behavior [4] and seismic behavior of the steel open-web
sandwich plate are discussed by numerical analysis methods
[5].

As the shear key is connecting the top and bottom chords
of the open-web sandwich plate, it directly affects the in-
tegral mechanical properties of the open-web sandwich
plate; understanding the mechanical properties and failure
mode of the shear key in various kinds of open-web
sandwich plates becomes the focus of the study at present.
The experimental study on reciprocating loading of shear
key joints of steel open-web sandwich plates (SOSP) with/
without stiffening chord provided is carried out, the results
show that two types of joints have better seismic behavior
and can meet the project design requirements, and the photo
of the structure is shown in Figure 2(a) [6]. The experimental
study on the shear key of SOSP shows that the joint has
better shear bearing capacity and ductility [9, 10]. A static
loading test on shear key joints of SOSP is performed and the
formula of the intersection beam analogy method is ob-
tained [11]. The shear connectors also appear in the com-
posite beam and beam column joints. By experimental study
an empirical equation to predict the load capacity of the
V-shaped shear connector is obtained [12]. The shear
strength, shear stiffness, failure mode, and relative slip
characteristics of perforated panel connection joint in
corrugated steel web composite beam are studied by means
of tests [13]; the mechanical property of stud connectors in a
fire and its influence on connection performance of the
composite beam are studied [14]. Combined with experi-
ments and finite element analysis, the failure mode and shear
bearing capacity computational formula of high strength
bolt connected in composite beam are obtained [7, 15], and

the photo of the structure in [14] is shown in Figure 2(b). The
test results show that the stud or bolt connection in light steel
composite beam can ensure better shear bonding strength
[16]; the H-shaped steel composite wooden beam can adopt
inclined bolt steel-wood composite joint for shear con-
nection [17]. The shear connection performance of wood-
concrete composite beam is studied by using experimental
method [8, 18], and the photo of the structure in [18] is
shown in Figure 2(c). The experimental study on external
stiffening chord joint between square hollow section column
and H-shaped steel beam and steel-concrete column-steel
beam composite joint is carried out, and the computational
method of shear strength is proposed [19, 20]. The study
shows that if the web in the beam column joint area is
reinforced by using asymmetric chamfer, the shear bearing
capacity of the joint area can be improved [21]. The gene
expression program can be used to predict the computa-
tional model of shear bearing capacity of reinforced concrete
beam column joint [22]. The studies in [23, 24] give the
computational model and computational formula that are
suitable for shear strength of reinforced concrete beam
column joint under the action of earthquake.

The above studies mainly focus on different types of
shear key joints in the steel open-web sandwich plate and
other types of shear connection, while the experimental
study of shear key joint in RCOSP has not been performed.
The current algorithm considers that the stress of shear key
joint is similar to that of the reinforced concrete corbel; the
shear bearing capacity is mainly controlled by the single side
LR of shear key joint [1]. To verify the accuracy of the current
algorithm for shear bearing capacity of the shear key of
RCOSP and understand the failure mode of shear key of the
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FIGURE 2: The structures in reference. (a) The steel structure in [6]. (b) The steel-concrete composite structure in [7]. (c) The wood-concrete

composite structure in [8].

RCOSP, a total of 9 test pieces in 3 groups with different LR
ratios of shear key are designed. The centralized static
loading is carried out to obtain the crack development and
failure mode of test pieces, understand the relationship of
shear bearing capacity with LR ratios of shear key joint, and
obtain the load-displacement curves of test pieces.

2. Experiment Review

2.1. Design of the Components. The experiment in this paper
is completed in Key Laboratory of Structural Engineering of
Guizhou Province, China. The mechanical simplified model
of test pieces is shown in Figure 3; the sizes of test pieces are
indicated in Figure 4(a). Three groups of test pieces with LR
ratios of shear key of 0.49%, 0.82%, and 1.24%, respectively,
are designed, three test pieces are prepared for each group,
and the reinforcement arrangement of each group of test
pieces is given in Table 1. The test pieces are prepared in
horizontal position, as it is shown in Figure 5.

2.2. Mechanical Properties of Materials. Three groups of
specimens were poured with ready-mixed concrete. Test
results of the concrete cube compressive strength of each
specimen group are shown in Table 2. The tensile strength
and elastic modulus were calculated from the compressive

strength [25]. Mechanical performance parameters of steel
bar are shown in Table 3.

2.3. Loading Device and System. For the simple support of
shear key joint, the single point horizontal centralized
loading is adopted, a 100T Jack is selected for loading, and a
50T load transducer is used to control the load values; the
design of test loading device is shown in Figure 6, and the
physical diagram of the loading device is shown in Figure 7.
The loading rate is approximately 7 kN/min, a load of 15 kN
is applied to each test piece at the first stage, aload of 30 kN is
applied at each stage from the second stage, each stage of
load is stabilized for a time duration of 10 min, and the crack
development condition during the load stabilizing is ob-
served and a corresponding note is made.

2.4. Arrangement of Measuring Points. To measure the
horizontal displacement of the test pieces, a displacement
meter shown in Figure 8 is arranged. The reinforcement
strain gauges are arranged on the chord LR, shear key LR,
and shear key stirrup, 32 reinforcement strain gauges are
arranged on each test piece, and the positions and numbers
of the arrangement are shown in Figure 9. The concrete
strain gauges are arranged on the shear key and chord
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FIGURE 4: (a) Size diagram and (b) reinforcement arrangement diagram of test pieces.
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TaBLE 1: Test piece reinforcement arrangement.

Group number Specimen number

Longitudinal steel bar of top chord Longitudinal steel bar of bottom chord

Longitudinal steel bar
of shear key

O] @ ® @ LRratio/%
First group 1-A~1-C 14¢12 14914 298 3912 0.49
Second group 2-A~2-C 14¢12 14914 298 3¢l6 0.82
Third group 3-A~3-C 14912 14914 298 3920 1.24

FIGURE 5: Making specimens. (a) Making models. (b) Pouring concrete.

TaBLE 2: Mechanical properties of concrete.

Measured compressive strength f., . (MPa)

Tensile strength f; (MPa)

Modulus of elasticity Ec (N.mm™>)

2.93x10*

28.48
TaBLE 3: Mechanical properties of the steel bar.
d (mm) Sk (MPa) fuk (MPa) E, (MPa)
8 447 558 2.14%10°
12 484 624 2.09%x10°
14 412 591 2.01x10°
16 450 587 2.03x10°
20 481 599 2.06x10°

surface, the positions and numbers of the arrangement are
shown in Figure 10, and 26 concrete strain gauges are
arranged on an individual test piece. In the experiment, the
synchronous collection of data from displacement meter,
load transducer, and strain measuring are enabled by the test
system.

3. Experimental Phenomena and
Failure Characteristics

3.1. Description of Experimental Phenomena. The experi-
mental phenomena and the failure load values of 3 groups of
test pieces are roughly the same; the crack development
process and law are described by taking test piece 3-A as an
example. It is stipulated in the following description that the
shear key is taken as the center, the left side refers to the end
that is close to the horizontal loading, and the right side
refers to the end that is close to the fixed hinged bearing. As
the occurrence of cracks on the front and back of the shear
key-chord connected area is almost similar, only the cracks
on the front of the shear key-chord connected area are
described:

(1) When loading to about 25% of the failure load, the

horizontal cracks along the direction of chord width
on the upper surface of the left-hand top chord
occur; the cracks do not run through.

(2) When loading to about 35% of the failure load, the

inclined cracks at the corner occur where the upper
surface of the left-hand bottom chord connects with
the shear key; two horizontal cracks along the di-
rection of chord width occur on the upper surface of
left-hand top chord; the cracks do not run through.

(3) When loading to about 45% of the failure load, the

inclined cracks at the corner occur where the lower
surface of the right-hand top chord connects with the
shear key; two horizontal cracks that run through
and extend to the side of the chord occur at the
location that is close to the shear key on the lower
surface of right-hand bottom chord.

(4) When loading to about 55% of the failure load, the

horizontal cracks are developed along the direction
of shear key cross section based on the diagonal
cracks already that existed at the corner; the cracks
do not run through.

(5) When loading to about 75% of the failure load, the

horizontal cracks in the area where the shear key
connects with chords further develop, which basi-
cally run through the shear key; the diagonal cracks
extending to the chords occur at the location where
the horizontal cracks of the shear key exist; the area
where the shear key connects with chords is pulled
apart or crushed along the direction of chords width;
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FIGURE 7: Test loading device diagram. (a) Back side of the test loading device. (b) Front side of the test loading device.

the existing cracks on the upper surface of the right- (6) When loading to about 95% of the failure load, no
hand top chord further develop and run through the new crack occurs basically; the existing cracks fur-
chord width, and new cracks also occurred at the ther develop; when there is a continuous loading up
same time; the lower surface of right-hand bottom to 306 kN, it is impossible for the loading to increase
chord has 3 cracks that run through the chord width any more; the test piece is announced to be failure. In

and extend to the side of the chord. Figure 11, the contour lines of specimen are shown.
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FIGURE 10: Layout of concrete strain gauges.
D E load of all specimens does not increase with the
N 2 7/ increase of LR ratio of shear key.
C—pea—F (2) The location where the shear key connects with the
B G upper surface of left-hand bottom chord and the
Y5 lower surface of right-hand top chord is pulled apart
N4 N g along the direction of chord width under the action

of the bending moment (Figure 13(e)). The location
where the shear key connects with the lower surface
of right-hand bottom chord and the upper surface of
left-hand top chord is crushed along the direction of
chord width under the action of the compression-
flexure (Figure 13(f)).

(3) No crack development is observed on the front, back,

left, and right sides of the shear key, indicating that

3.2. Failure Characteristics the area where the chords connect with shear key is
the weak zone.

FIGURE 11: Number of longitudinal contour lines.

In Figure 12, the development of concrete cracking is
shown, and in Figure 13, the failure forms of
specimens are shown.

(1) No matter how the LR ratio of shear key is, the areas
where the test pieces are seriously damaged are lo- The failure bearing capacity of all specimens does not
cated at the places where the shear key connects with ~ increase with the LR ratio of shear key, and the failure
the chords, which shows that the shear key is cut  pattern does not change with the increase of the ratio. The
under the action of horizontal force. Continuously  reason is likely to be as follows: The vertical height of shear
loading to the test piece after the shear key was  key is requested to be less than or equal to its cross section
horizontally cut, the chords neighboring to the shear ~ size; namely, shear key is a block joint, the influence of the
key show numbers of inclined cracks (Figure 13(a) to bending deformation is small, and hence, the LR ratio of
13(d)). Failure pattern does not change with the  shear key playing an important role under the action of
increase of the LR ratio of shear key, and the failure =~ bending moment cannot change the failure pattern. The
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FIGURE 12: Cracking diagram of fracture development process. Crack distribution under (a) loading at 35%, (b) loading at 55%, (c) loading
at 75%, and (d) under loading at the failure load.

A

4

F1GURE 13: The failure form diagram. The cracks at the location where the shear key on the front of the test piece connects with the (a)
bottom chord and (b) top chord. The cracks at the location where the shear key on the back of the test piece connects with the (c) bottom
chord and (d) top chord. (e) The location where the left side of shear key connects with bottom chords is pulled apart. (f) The location where
the right side of shear key connects with bottom chords is crushed. (g) The cracks at the location of the upper surface of the top chord.
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failure is determined by the development cracks of shear
key-chords connection area.

4. Experimental Results and Analysis

In this paper, the time when the LR strain of shear key
reaches the yield strain value or significant turning point
occurs on the load-displacement curve is taken as the yield
condition of the test pieces, and the time when no more load
increase is possible is taken as the failure moment of the test
pieces.

4.1. Strain of LR, Concrete, and Stirrup of the Shear Key

4.1.1. Strain of LR and Concrete. According to the test, when
the specimen is failure, the average strain values of the
measuring points 4, 8, and 12 of group 1, group 2, and 3-C of
group 3 are greater than the yield strain values, while the
average strain values of the same measuring points of 3-A
and 3-B are less than the yield strain values. The load-strain
curves of group 3 are drawn by using the average strain
values of the measuring points 4, 8, and 12, and the rest of
the test pieces are drawn by selecting the yield strain
measurement points. Figure 14 shows the load-strain curve
of the LR on the left side of the shear key, where 1-C, 1-B, 2-
B, and 2-C are the data at measuring point 4; 1-A and 2-A are
the data at measuring point 12. Figure 15 shows the load-
strain curve of the LR on the right side of the shear key,
where 1-A is the data at measuring point 13; 2-A and 2-C are
the data at measuring point 17; 1-B, 1-C, and 2-B are the data
at measuring point 21. Figure 16-18 show the load-strain
curves of concrete, respectively, at measuring points 34, 37,
and 47.

In Figures 14 and 15, at the initial stage of loading, the
strain of LR of shear key grows very slowly and the values are
very small. When the load reaches 140 kN, the strain growth
rate becomes faster. Meanwhile, the strain values of some
specimens increase sharply after the load reaches 140 kN,
probably for the concrete cracking near the longitudinal bar,
and the force has been passed to longitudinal bar. When the
load reaches about 75% of the failure load, the load growth
rate becomes slow; the strain of LRs increases sharply,
showing significant yielding characteristics. In case of
loading continuously, after the ultimate load is reached, the
load-strain curves of the LRs begin to fall, showing the
failure of the test pieces. The strain value of LRs on the right
side of shear key of most test pieces is 80% to 95% of that on
the right side, showing that the transmission force of the test
device is reliable.

In Figures 16 to 18, at the initial stage of loading, the
load-strain curves of concrete of the shear key grow ap-
proximately linearly, indicating that the test piece is at the
stage of elastic stress. When the load reaches about 75% of
the failure load, the load growth rate becomes slow. Con-
tinuing to load, after the ultimate load is reached, the load-
strain curves of the concrete begin to fall, showing the failure
of the test pieces. The concrete strain values of test pieces 1-B
and 3-C are significantly smaller than that of other test
pieces; this may be possibly caused by sliding of a bearing

position of this test piece. Probably for the fabrication error
of 2-A, the strain value of No. 47 measuring point is ob-
viously larger than that of other specimens, and the ultimate
load is obviously smaller than that of other specimens.

The strain values of measuring points 34 and 47 near the
shear key-chords connection area are obviously bigger than
the values of measuring point 37 in the middle of shear key;
this is mainly because the shear key-chords connection area
is affected by shear force, bending moment, and axial force,
while the middle of shear key is mainly affected by shear
force.

Ignoring the influence of bending moment, the diagonal
lines of 45° and 135" are the principal stress directions of
shear keys. Referring to the concrete strain values of the
shear key (shown in Figure 19), the strain values of mea-
suring point 34 along the diagonal direction of the shear key
are the largest, followed by the values of measuring point 33
along the horizontal direction, and the values of measuring
point 35 along the vertical direction are the smallest, in-
dicating that the direction along the diagonal of shear key
can be approximately the direction of the principal com-
pressive stress of the shear key.

4.1.2. Strain of Stirrup. The strain values and change ten-
dency of shear key stirrups for various test pieces are similar.
Figures 20 to 22 show the load-strain curves at measuring
points 29 to 32 of test pieces 1-A, 2-A, and 3-A.

In Figures 20 to 22, the absolute values of stirrup strain
increase with the load, but the values are small when the test
pieces fail, showing that the stirrups of shear key are not
subjected to big force; it mainly acts to fix the LRs, and the
stirrups can be arranged according to constructional rein-
forcement. The strain values of measuring points 29 and 32
of test piece 1-A and measuring point 32 of test piece 3-A are
bigger than those at other measuring points; the main reason
is that the measuring points 29 and 32 are in the area where
the shear key connects with chords, and the area is under the
composite stress state. The strain of the measuring points
can be divided into tension and pressure; this may be
possibly caused by the strain gauges that are affected by the
surrounding concrete particles.

4.2. Load-Displacement Curve. The absolute values of y-2
and y-3 displacements of the displacement meters are
roughly equal; the horizontal displacement of test pieces can
be obtained by subtracting the y-2 value from the y-1 value
of the displacement meter. The load-displacement curves in
horizontal direction of 3 groups are given below as shown in
Figure 23.

In Figure 23, prior to cracking, the displacement of
various test pieces develops slowly; the relationship between
displacement and load is approximately linear; this indicates
that the test pieces are at elastic working state; after cracking
and before yielding, the slopes of curves of various test pieces
reduce gradually; this is because the cracking with the chord
weakens the overall lateral stiffness of the test pieces and
makes the curve gradually slow down; after the test pieces
yield, the displacement increases quickly with the
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application of the load; the curves of the test pieces have
smooth sections; this indicates that the test pieces have
better deformation capacity; after the ultimate load is
reached, the increase of loading becomes impossible; the

similar to that of
members [26-28].

displacement further increases and indicates that the test
pieces failed. In fact, curve variation rule of Figure 23 is

other types of reinforced concrete
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FIGURE 18: Load-strain curves of No. 47 measuring point. (a) First group. (b) Second group. (c) Third group.
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FIGURE 19: Load-strain curves of Nos. 33~35 measuring points. (a) 1-C. (b) 2-B. (c) 3-B.

group 1 and group 2 is corresponding to the loads when the

points 4, 8, and 12 of group 1 and group 2 are greater than
the yield strain values, while the average strain values of 3-A
and 3-B are less than the yield strain values. The yield load of

strain values in Figures 14(a)-14(b) reach the yield strain
values. The yield load of group 3 is corresponding the loads
when the significant turning point occurs on the load-
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displacement curve in Figure 23. In this paper, the cor-
responding load at the yield of the test pieces is taken as
the yield load V; the corresponding displacement is yield
displacement A,; maximum load value during loading is
called ultimate load V, the corresponding displacement is
called ultimate displacement A,, and the corresponding
values are given in Table 4. V), increases with the LR ratio
of shear key; the ultimate load V,, does not increase with
the LR ratio of shear key; it can be judged by combining
with the abovementioned experimental phenomena that
the final failure of the test pieces is controlled by the
degree of crack development of shear key-chords con-
nection area and has no relationship with the LR ratio of
shear key.

5. Computation of Shear Bearing Capacity

In the computation as follows, the measured values in Ta-
bles 2 and 3 are converted to design strength [29]:

fy= %’ "
fe=0.62860,0, f o (2)
10°

E= 3
€T 224347/ f ok ®)

fu =0.88x0.395f220 (1 —

cu,k

1.6450)"* x a,,  (4)

S

fe=1y ®
where a; is the ratio of prism strength to cube strength, C50
and less take 0.76, C80 takes 0.82, and the intermediate is
linear interpolation; «,, is the brittleness reduction coeffi-
cient of concrete, C40 and less take 1.0, C80 takes 0.87, and
the intermediate takes linear interpolation; & is variation
coefficient of compressive strength of concrete cube block.

5.1. Computational Method of Shear Bearing Capacity and
Discussion. At present, it is considered that the stress pat-
tern of the shear key is similar to the reinforced concrete
corbel. The concrete of shear key is mainly compressed, that
is, similar to the corbel belly concrete, and the LRs of shear
key are mainly tensile, that is, similar to the corbel LRs. The
corresponding calculation formula and the calculation di-
agram (see Figure 24) are put forward [30].
The calculation formula controlled by the cracks of shear
key is as follows:
fubho
Vi=08 0.5+alh, 6)
The diagram and formula for calculating the shear
bearing capacity of current algorithm are given as follows:

< 08545 fyho.

a

(7)

13

In diagram, V(V}) is the bigger one among the axial force
between top chords and bottom chords, a is the distance
from the bottom chord centroid axis to the bottom surface of
the top chord, b is the width of the shear key cross section, h
is the height of shear key cross section, hy is the effective
height of shear key cross section, a; is the distance from the
position where the resultant force of LR for shear key acts to
the edge of the concrete, [, is the height of shear key in
vertical direction, h; is the height of bottom chord, and h; is
the height of top chord. Ay is the area of single side LR of the
shear key, and the ratio of single side is requested to be equal
to or larger than the values of 0.2% and 0.45 f/f,, the
minimum LR ratio of the shear key cross section is 0.6%, f, is
the yield strength of LR of shear key, and fy is concrete axial
tensile strength standard value.

According to test phenomena, the load of test specimens
when oblique cracks appear at the area where the shear key
connects the chords is about 140 to165kN, and the shear
bearing capacity of specimens calculated by formula (6) is
149 kN, and the relative error is 6% to 11%, so formula (6)
can accurately predict the corresponding load when oblique
cracks appear at the connection of shear key-chord.

In Figures 14 and 15, the strain values of the LRs are very
small before the concrete cracking at the shear key-chords
connection area. However, after cracks appear in this area,
the LRs strain of shear key increases sharply. In Figures 15 to
18, the shear key concrete is mainly under compression, and
the strain values along the diagonal direction are the largest,
so the following can be concluded:

(1) Before concrete cracking at shear key-chords con-
nection area, the load mainly acts on the concrete.
When the load reaches the value calculated by for-
mula (6), the LRs of shear key begin to resist the
external force and are mainly subjected to tensile
force.

(2) Ignoring the tensile strength of shear key concrete, it
can be approximately considered that the shear key
along a diagonal direction is the direction of the
principal compressive stress.

(3) In combination with (1) and (2), it can be known that
the stress pattern of shear key under horizontal load
is similar to that of reinforced concrete corbel, so the
current theory is reliable.

The maximum average strain values of measuring points
4,8, and 12 of 3-A and 3-B are 1460 x 10~ and 1580 x 107°,
respectively, and are smaller than the corresponding yielding
strain values. The shear bearing capacity of 3-A and 3-B
should be calculated by the measured strain values, and the
other test pieces can be calculated by taking the LR stress of
shear key as f,. The shear bearing capacity values of test
pieces computed by formula (7) are defined as V;, the values
of group 1, group 2, and 3-C in group 3 are 109 kN, 180 kN,
and 297 kN, respectively, and the values of 3-A and 3-B are
205kN and 222kN in turn. Comparing the V), in Table 4
with the values calculated by formula (7), the shear bearing
capacity of group 1 (ratio is 0.49%) and group 2 (ratio is
0.82%) computed by formula (7) is obviously smaller than
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TABLE 4: Main test results.

Specimen number 1-A 1-B 1-C 2-A 2-B 2-C 3-A 3-B 3-C
. Test value 224 225 246 238 285 265 266 283 296
Yield load V, (kN) Average value 232 263 282
. . Test value 4.73 5.09 6.94 6.64 5.84 6.11 6.52 6.40 6.87
Yield displacement Ay (mm) Average value 5.59 6.20 6.60
. Test value 318 311 327 272 315 316 306 316 345
Ultimate load V,, (kN) Average value 318 301 322
Ultimate displacement A, (mm) Test value 12.60 14.69 14.58 11.29 13.20 11.21 14.08 10.69 14.17
p u Average value 13.96 11.90 12.98
V=AN Top rib 1
(Vi=aNy) |/ /]
/m——— —
—_ / L <
— >
Shear key 2 B
. = =
| R <
h " Bottom rib
7 ottom rii

1-Longitudinal steel bar of shear key
2-Stirrupof shear key

FIGURE 24: Schematic diagram of shear bearing capacity computation of key shear.

the corresponding values of V), and the value of 3-C (ratio is
1.24%) is bigger than the corresponding value V,, while the
values of 3-A and 3-B are less than the corresponding V.

In engineering application, the yield bearing capacity is
taken as the design value of bearing capacity. It can be
obtained from the comparison results between formula (7)
and the test: when the LR ratio of shear key is 0.49% and
0.82%, the results calculated by formula (7) are conservative
and safe for engineering application, while when the ratio is
1.24%, the results calculated by formula (7) are probably
bigger than the yield values and not safe for engineering
application. It can be speculated that, for test specimens, if
the LR ratio of shear key is greater than 1.24%, the results
calculated by formula (7) may be larger than the ultimate
shear capacity, which is obviously unsafe. This is because the
shear capacity calculated by formula (7) will increase with
the LR ratio of shear key, neglecting the fact that the final
failure is controlled by the degree of concrete crack devel-
opment at shear key-chords connection area and almost has
no relationship with the LR ratio of shear key. So, to avoid
formula (7) overestimating the shear capacity of shear key, a
calculation formula based on the joint size to limit the
maximum shear bearing capacity of shear key should be
proposed.

5.2. The Restricted Condition of Shear Section. Based on the
failure pattern, the shear key is cut along its cross section, the
ultimate shear capacity has almost no relationship with the
LR ratio of shear key, and the relative errors are large be-
tween the results of formula (7) and the test. It can be

concluded that the ultimate shear bearing capacity of shear
key is determined by the size of chords and shear key and the
strength of concrete. The ratio of the vertical height [, of
shear key to the cross section height 4 is generally required to
be less than or equal to 1 [1]; the shear key is a deep flexural
member that is placed vertically.

In Chinese code, the single span reinforced concrete
deep flexural member is shown in Figure 25, and the I/h is
requested to be less than 5.

The restricted condition of shear section of the rein-
forced concrete deep flexural member is shown as

1 1

In formula (8), the hy/b is required to be less than or
equal to 4, where Vis the shear bearing capacity design value;
lis the calculation span and is required to be not less than 2h;
h is the height of cross section; h is the effective height of
cross section; b is the width of cross section; f3, is the concrete
strength influence coeflicient, C50 and less take 1.0, C80
takes 0.8, and between C50 and C80 is linear interpolation; f,
is concrete axial compressive strength design value, to test
pieces; it can be computed according to formula (2);

The shear key joint is integrated with the top and bottom
chords; the shape is different from the reinforced concrete
deep flexural member shown in Figure 25. According to the
test, after the shear key is cut along the cross section, the load
can continue to increase, and the concrete cracks of top and
bottom chords near shear key develop quickly. It can be
concluded that the cross section size of chords has effect on
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FIGURE 25: Schematic diagram of the single-span deep flexural member.

shearing bearing capacity. In engineering applications, the
cross section widths of chords and shear key are equal.
Therefore, the effect of chords on shearing bearing capacity
can be approximately considered as the effect of cross section
height of chords, and taking the value of I/, to consider the
effect of chords, the restricted condition of shear section of
shear key is given as follows:

1 l

k is the introduced shear bearing capacity correction
factor, taking k as 0.53 for matching the load that the
concrete is crushing at the shear key-chords; b, h, I, and I,
have the same meanings as 5.1. I/],, represents the influence
of the bottom and top chord dimensions on the formula; g,
f. have the same meanings as formula (8).

The shear bearing capacity calculated by formula (9) is
defined as V>, and V,,, V,, V;, and V, of various groups of test
pieces and their ratios are given in Table 5. The loading
coefficient is defined as y,,, and y, = V,/V,,. The experimental
phenomena reveal that the cut of shear key is almost si-
multaneous with the concrete crushing of shear key-chords
connection area. So taking the concrete crushing of shear
key-chords connection area as the mark of ultimate limited
states, the corresponding y, in Chinese code is 1.30 [31]. As
shown in Table 5, y, is 1.32 to 1.41, indicating that the
calculated results by formula (9) are safe. The relative error
between V), and V, is 2%-24%; this indicates that the cal-
culated result of formula (9) is close to the yield values of the
test. The values of V,/V; decrease with the increasing of the
LR ratio of shear key. If the LR ratio of shear key is larger
than the value in group 3, the values of V,/V; are likely
smaller than 1 for the ultimate shearing bearing capacity
controlled by the degree of concrete cracking development
in connection area.

6. Finite Element Analysis (FEA)

6.1. Introduction of FEA. In finite element analysis, the solid
unit element is applied to simulate the concrete and the link
8 element is adopted to simulate the steel bar [32, 33]. The
solid unit element can achieve both cracking and crushing of
the concrete material. The failure criterion of the concrete is
employed by the William and Warnke five-parameter cri-
terion [34] and the shear transfer coefficients for an open
and closed crack are 0.2 and 0.2, respectively [35]. The
Bilinear Isotropic Hardening is used to simulate the non-
linear behavior of the reinforcement [36]. Poisson’s ratio of
concrete and steel is 0.2 and 0.3, respectively [29]. The
displacement is taken as the criterion of convergence.

The mechanical property parameters of concrete and
reinforcement are calculated by converting them into design
values based on the results of Tables 2 and 3. The constraint
and loading mode of FEA is the same as the test specimens.
By considering that the shear key-chords connection area is
at combined stress state, the failure of the test pieces can be
determined according to the strength theory. In the test, the
concrete along the width of shear key-chords connection
area is crushed or pulled apart when loading to about 75% of
the ultimate load, taking the third principal stress of concrete
at the shear key-chords connection area o;=f. as the cri-
terion to judge the failure of test pieces, named as failure
mark 1. Meanwhile, to compare the yielding loads of FEA
and test when the stress values of LR of shear key reach f,, the
stress of LR of shear key reaches f, as the second mark of
failure, named as failure mark 2. The results of failure marks
1 and 2 should be calculated separately.

6.2. Results of FEA. The finite element (FE) models are
distinguished using the prefix “FE” followed by the group
numbers 1, 2, and 3, respectively. The pictures of model are
displayed in Figure 26.

The results of FEA and its ratio to the values in Tables 4
and 5 are shown in Table 6:

6.2.1. Results under Failure Mark 1. The shear bearing ca-
pacity of FE1, FE2, and FE3 is almost equal; namely, the
shear bearing capacity has no relation with the reinforce-
ment ratio of shear key. The values of V/Vu are 0.71-0.76. In
the experiment, when concrete in the connection area is
crushed (compressive stress attained f,), the corresponding
load is only approximately 75% of the ultimate load. So, the
shearing bearing capacity of FEA and test matches well. The
stress distribution of steel bars of FE models is shown in
Figure 27. In Figure 27(a), the maximum tensile stress of LRs
of shear key is close to the yield strength, while the values of
FE2 and FE3 in Figures 28(b) and 28(c) are smaller than the
corresponding yield strength, and the results are also con-
sistent with the load-strain curves in Figure 14.

For FE1-FE3, the relative errors of V and V, are within
20%, indicating that the shear bearing capacity calculated by
FEA is in good agreement with the yield shearing bearing
capacity of test. When the FE models failed, the distribution
of concrete cracks and crushing and the compressive stress
of FE1-FE3 are similar. Figures 28 and 29 show the dis-
tribution of concrete cracks and crushing and the third
principal compressive stress of FE3 at failure, respectively.

In Figure 28, the cracks and crushing mainly distribute in
the shear key-chords connection area, which are consistent
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TaBLE 5: Shear bearing capacity and its ratio.

Group number V./kN V,/kN V/KN V,/kKN V./V; V./V, V,/V,
First group 318 232 109 2.84 1.39
Second group 301 263 180 228 1.63 1.32
Third group 322 282 297 1.08 141

(a) (b)

FIGURE 26: Finite element model diagram. (a) Model diagram. (b) Skeleton diagram of steel bar.

TaBLE 6: The results of FEA and its ratio to the values in Tables 4 and 5.

Model number (group number)
FEI (group 1) FE2 (group 2) FE3 (group 3)

Failure mark Results of FEA and its ratio to the values in Tables 4 and 5

The load of FEA V/kN 225 228 228
V/V, 0.71 0.76 0.71
Failure mark 1 /v, 0.97 0.87 0.81
The horizontal deflection of FEA A/mm 3.80 3.68 3.55
A/A, 0.27 0.31 0.27
The load of FEA V/kN 240 306 372
V/V, 0.75 0.98 1.16
Failure mark 2 V/v, 1.03 1.16 1.32
The horizontal deflection of FEA A/mm 4.90 5.53 8.08
A/A, 0.35 0.46 0.56
{ A==
[_ETE L4
ED¢ il
-198 -90 18 125 E -187 -99 -11 77
-144 -36 72 179 287 -143 -55 33
(a) (b) (©)

FI1GURE 27: The stress distribution of steel bar under failure mark 1. (a) The steel bar of FE1. (b) The steel bar of FE2. (c) The steel bar of FE3.

with the distribution of test in Figures 12 and 13. In
Figure 29, the maximum compressive stress of concrete
appears at the shear key-chords connection area, which is
consistent with the failure mode shown in Figure 13(f); the
direction along the diagonal of shear key is the direction of

the primary compressive stress of concrete, which is
consistent with the experimental results in Figure 19.
Combined with the above analysis, the FE models under
failure mark 1 are reliable and the results of FEA have
reference value.
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FiGgure 28: Cracks and crushing of concrete.
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FIGURE 29: The third principal stress distribution.

6.2.2. Results under Failure Mark 2. The distribution of
concrete cracks and crushing and the concrete compressive
stress under failure mark 2 is similar to those in failure mark
1. Figure 30 shows the steel bar stress distribution of FE1-
FE3 under failure mark 2.

In Figure 30, the tensile stress of the LR of shear key is
larger than those in Figure 27, indicating that the yield of the
LR of shear key is later than the crushing of concrete at the
shear key-chords connection area, which is consistent with
the test. In FE3, the LR of shear key cannot reach the yield
strength for the little increasing of shear bearing capacity
after the yielding of LR of chords, which is consistent with
the results that the average strain values of LR of shear key in
3-A and 3-B do not yield. The shear bearing capacity V of
FE1 and FE2 is smaller than the Vu obtained from the test
and the relative errors of V and V, are 3% and 16%, re-
spectively. The shear bearing capacity V of FE3 is larger than
the V,, and V,, of test. So, the FEA is reliable under the small
ratio of LR in shear key. Under large ratio of LR in shear key,
the joint loses bearing capacity for the concrete crack de-
velopment at shear key-chords connection area before the
yielding of LR of shear key. Therefore, the shear bearing
capacity of failure mark 2 under large ratio of shear key is
larger than the ultimate shear capacity of joint.

The deformation shapes of FE1-FE3 are similar. The
horizontal displacement of failure mark 1 is smaller than that
of failure mark 2 for the concrete crushing at shear key-
chords connection is earlier than the yielding of LR in shear
key. The deformation diagram of FE3 of failure marks 1 and
2 is shown in Figure 30, and the test deformation diagram is
shown in Figure 31, and the deformations in Figures 30 and
31 match well.

The horizontal displacement value obtained by FEA is
smaller than test displacement value; the main reasons are as
follows: (1) there is an error with the test device, and (2) the
failure of FEA is earlier than that of test specimens.

In conclusion, no matter how the ratio is, failure mark 1
can accurately predict the shear capacity corresponding to
the crushing of concrete at shear key-chords connection
area. Under small LR ratio of shear key, failure mark 2 can
accurately predict the shear bearing capacity corresponding
to the yielding of LR of shear key, but when the LR ratio of
shear key is large, the result of failure mark 2 may be larger
than the ultimate bearing capacity of specimen.

To further clarify the relationship between the shear
bearing capacity of 2 failure marks and the LR ratio of shear
key and the values of formulas (7) and (9), the models FE4
and 5 are added. In Figure 32, the shear bearing capacity of
FE1-FE5 is compared with the formula results.

The shear bearing capacity of formula (9) is equivalent to
the result of failure mark 1, which does not increase with the
LR ratio of shear key but is basically unchanged, indicating
that formula (9) can accurately predict the crushing of
concrete at shear key-chords connection area. The shear
capacity calculated by formula (7) and failure mark 2 in-
creases with the LR ratio of shear key. For formula (7), when
the LR ratio of shear key is less than 1%, the shear bearing
capacity of formula (7) is smaller than that of formula (9)
and failure mark 1; when the LR ratio of shear key is larger
than 1%, the shear bearing capacity of formula (7) is larger
than that of formula (9) and failure mark 1. For failure mark
2, when the LR ratio of shear key is less than 0.5%, the shear
bearing capacity of failure mark 2 is smaller than that of
formula (9) and failure mark 1; when the LR ratio of shear
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F1Gure 30: The steel bar stress distribution under failure mark 2. (a) The steel bar of FE1. (b) The steel bar of FE1. (c) The steel bar of FE1.
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FIGURE 31: Deformation diagram. (a) Test deformation diagram. (b) Deformation diagram of FE3 under failure mark 1. (c) Deformation
diagram of FE3 under failure mark 2.
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FIGURE 32: The shear bearing capacity of FEA and formula.

key is larger than 0.5%, the shear bearing capacity of failure ~ increased by about 25% after concrete crushing at shear key-
mark 2 is larger than that of formula (9) and failure mark 1. chords connection area. For formula (7) and failure mark 2,
The test shows that the shear capacity of the joint can be ~ when the LR ratio of shear key is larger than 1% and 0.5%,
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TABLE 7: Parameters of FE models.

Model number bxh (mm?) b xh,;(h,) (mm?) I, (mm) L (mm) p (%) Strength classes of concrete
FE6 400x400 400x150 350 650 1 C30
FE7 400%x400 400x150 350 650 1 C35
FE8 400%x400 400x150 350 650 1 C40
FE9 400x400 400x150 350 650 1 C45
FE10 400x400 400x150 350 650 1 C50
FE11 400x400 400x150 350 650 1 C55
FE12 400%x400 400x150 350 650 1 C60
FE13 400%x400 400x150 350 650 1 C65
FE14 450%x450 450%275 400 950 0% C30
FE15 450%x450 450%275 400 950 0.6% C30
FE16 450x450 450%275 400 950 0.8% C30
FE17 450%x450 450%275 400 950 1% C30
FE18 450x450 450%275 400 950 1.5% C30
FE19 450%x450 450%275 400 950 2% C30
FE20 450%x450 450%x275 400 950 3% C30
FE21 450x450 450%275 400 950 4% C30
FE22 450%x450 450%275 400 950 5% C30
FE23 450x450 450%275 400 950 6% C30
FE24 500 x500 500%x350 500 1200 1% C30
FE25 500 x500 500375 450 1200 1% C30
FE26 500 x500 500%x400 400 1200 1% C30
FE27 500 x500 500x425 350 1200 1% C30
FE28 500 x500 500x450 300 1200 1% C30
500

g 400 +

E

— 300

200 L— ' :
14 21 28 35
fe Mpa)

—s— Values of Formula 9
—e— Values of FEA

FIGURE 33: Values of formula (9) and FEA under changing of concrete strength (models FE6 to FE13).

respectively, the shear capacity of for formula (7) and failure
mark 2 may be larger than the ultimate shear capacity of the
joint.

For the safety and convenience of engineering appli-
cation, the shear bearing capacity of joint can be calculated
by formula (7), and to avoid formula (7) overestimating the
shear bearing capacity of joint, the value of formula (7) needs
to be smaller than the value of formula (9).

6.3. Parameter Analysis. To further verify the accuracy of
formula (9), the parameterized analysis was carried out by
taking the concrete strength, LR ratio of shear key, and the
size of joint as parameter, taking the failure mark 2 as the
failure of FE models.

In FEA, for the stirrup reinforcement ratio of chords and
shear keys, the LR ratio of chords is the same as the test

specimen, and the integral reinforcement model was
adopted for the steel. The mechanical property parameters of
concrete are taken as the design values specified in [29], the
yield strength of the reinforcement is 360 MPa, and the
elastic modulus is 2 x 10° MPa. The relevant parameters of
the FE models are shown in Table 7.

The shear bearing capacity calculated by formula (9) and
FEA are shown in Figures 33-35.

In Figure 33, the shearing bearing capacity increases with
the strength of concrete, and when concrete strength
changes from C30 to C65, the relative error of shear bearing
capacity between the calculated values of formula (9) and the
values of FEA is 0%-5%. In Figure 34, when the rein-
forcement ratio is 0%, the value of FEA is obviously smaller
than the value of formula (9), and the relative error of shear
bearing capacity between formula (9) and the FEA is 27%;
namely, formula (9) cannot be used when the LR ratio of
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FIGURE 35: Values of formula (9) and FEA under changing of vertical height of shear key (models FE24 to FE28).

shear key is 0. When the LR ratio of shear key is 0.6%-7%, the
relative error between them is 0%-7%, indicating that the
increase of LR ratio of shear key has little effect on shear
capacity, and the results are consistent with the test. According
to Figure 35, when [,/h is less than or equal to 1, and I/],, is equal
to 2.4 to 4, the relative error between the values of FEA and
formula (9) is 1%-10%, showing that I/, in the formula is
reasonable. The results of parametric analysis further show that
formula (9) proposed is reliable and necessary.

7. Conclusion

(1) The failure of shear key is controlled by the degree of
crack development in shear key-chords connection
area, the shear key is horizontally cut, and the
concrete of connection area is crushed or pull apart.
The failure mode and ultimate shear bearing capacity
have almost no relationship with the LR ratio of
shear key.

(2) The load stress-strain curves of longitudinal bars and
load-displacement curves of shear key have obvious
yield characteristics and underwent elastic, elasto-
plastic. and plastic stages. The stirrup of shear key
can be arranged according to the constructional
reinforcement.

(3) The stress pattern of shear keys is similar to the
reinforced concrete corbel, and formula (6) can

accurately estimate the corresponding load value
when the shear key-chord connection area cracks.

(4) According to the failure pattern and the restricted
condition of reinforced concrete deep flexural
member in Chinese code, formula (9) to calculate
the shear bearing capacity of shear key is put for-
ward. In engineering application, the shear bearing
capacity of shear key can be calculated by formula
(7), but the value cannot be larger than the value
calculated by formula (9); namely, the shear bearing
capacity should meet the restricted condition of
shear section.

(5) The FEA results of the test specimens are consistent
with those of test results, and the parametric analysis
further verifies the reason of the restricted condition
of shear section proposed in this paper.
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