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Abstract: The pressed sleeve connection is a new type of connection technique reported in
China recently. To explore the possibility of combining the advantages of pressed sleeve
connections and recycled aggregate concrete (RAC) in precast concrete, the seismic
performance of precast shear walls with pressed sleeves and recycled fine aggregate (RFA)
concrete was investigated through a thorough experimental programme. A total of seven
precast shear wall specimens and one cast-in-situ specimen were fabricated and tested under
lateral cyclic loading, considering the effects of the aspect ratio, the axial compression ratio,
and the RFA content. The failure modes, hysteretic behaviour, bearing capacity, energy
dissipation, stiffness and shear distortion of the specimens, as well as the strains of the steels,
were reported and discussed. The test results demonstrated that the pressed sleeve connections
were capable of transmitting both tensile and compressive forces between reinforcements, and
the precast shear walls with pressed sleeve connections exhibited the same hysteresis
behaviour, strengths, ductility coefficient and energy dissipation capacity as the cast-in-situ
counterpart. Moreover, the seismic behaviour of the precast specimens with the RFA content
of 30% was almost the same as those with natural aggregate concrete (NAC). The increase in
the axial compression ratio and aspect ratio led to higher peak loads of the precast shear walls.
Finally, existing design methods of ordinary reinforced concrete shear walls were evaluated
for their application to the design of precast RFA concrete shear walls with pressed sleeves.
Overall, the evaluation results revealed that the examined design methods offer generally
accurate strength predictions for the proposed shear walls.

Keywords: Precast concrete; Pressed sleeve; Recycled aggregate concrete (RAC); Seismic

performance; Shear wall
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1 Introduction

The reinforced concrete (RC) shear walls are widely adopted for resisting lateral forces in
high-rise buildings. Due to the development of construction industrialization, precast RC
shear walls have received increasing attention from researchers and civil engineers as they
accelerate the construction process compared with conventional cast-in-situ RC structures. In
general, precast building connections are highly dependent on their stiffness, strength, and
deformation capacity when it comes to seismic behaviour 2. Thus, connections featuring high
load-carrying capacities and simple detailing are required in practical engineering projects.

Unbonded post-tensioned connections are commonly used in precast RC shear walls.
Experimental results of the post-tensioned precast shear walls under cyclic loading > have
indicated that their seismic behaviour was similar to their cast-in-situ counterparts on behalf
of strength and stiffness. Moreover, precast shear walls constructed of post-tensioned
connections were equipped with replaceable connectors %7 and friction devices 8, in order to
minimize the damage to concrete during an earthquake. The precast shear walls generally
exhibited small residual deformations after unloading when subjected to reversed cyclic loads,
as the post-tensioned tendons provide the self-centering capability °. However, the unbonded
post-tensioned reinforcements may increase the compressive stress at the wall panels,
resulting in excessive local bearing pressure at the interface of the precast walls and potential
premature spalling of concrete. Moreover, a higher degree of construction quality and a more
complex construction procedure are needed for these unbonded post-tensioned connections °.

Grouted sleeve splicing connections, consisting of reinforcements joints and hollow cast
iron cylinders, are gaining traction in the construction industry. Einea et al. 1! revealed that
using steel tubes to confine the grout around the reinforcement could significantly strengthen
the bond between spliced reinforcements, the lapped splice length can be as short as seven

times the reinforcement diameter when appropriate grout and confinement were adopted.
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Belleri and Riva *? conducted cyclic loading tests on column-to-foundation subassemblies
with grouted sleeve connection joints, and confirmed that the proposed connections are well
suited for applications in earthquake-prone regions. An investigation by Peng et al. 1
explored the seismic performance of precast RC shear walls with the longitudinal
reinforcements connected by mortar-sleeve connections. The precast shear walls showed
similar failure modes compared with the cast-in-situ counterparts, and the mortar-sleeve
splice effectively transferred the stresses in the longitudinal reinforcement. An investigation
of seismic performance of a fully constructed precast RC shear wall structure with single-row
grouted sleeves was carried out by Xu et al. 4% and demonstrated that the walls with the
proposed connections exhibited a favourable seismic behaviour. Liu et al. ® designed four
prefabricated grouted sleeve columns with different reinforcement and stirrup ratios to assess
their seismic performance. When compared with cast-in-situ columns, precast columns were
comparable in ductility and lateral deformation capacity, but showed lower strengths. In
summary, the grouted sleeve splices reduce the lap-splice length of reinforcements while
effectively transmitting reinforcement stress. However, full compactness of the grouted
mortar in the sleeve cylinder is not guaranteed due to the difficulty in accessing and
monitoring the mortar within the cylinder, thereby increasing the risk of premature structural
failure 7. Additionally, the relatively high cost of the sleeves and the associated construction
challenges impede its applications in practical engineering projects.

The pressed sleeve connections, characterising easy operation and fast construction, have
been recently proposed to address the disadvantages of the above-mentioned precast
connections, as a new type of connection technique in China. The experimental investigations
onto the seismic performance of structural members with pressed sleeves 2 have recently
been reported in China, which showed that the connection features favourable seismic

performance through thoughtful design.
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On the other hand, resource and carbon dioxide emission constraints have prompted using
recycled aggregate concrete (RAC) in the construction industry. Experimental studies have
shown that the material properties of RAC are slightly weaker than those of conventional
natural aggregate concrete (NAC), owing to the randomness and diversity in the material
characteristics of the recycled coarse aggregate (RCA) or recycled fine aggregate (RFA) to a
certain extent 2124, Nevertheless, substantial experimental studies on the seismic performance
of RAC structural members have indicated that the RAC structural members could be
comparable to their NAC counterparts in terms of seismic behaviour through reasonable
design 2°; this reveals a potential application of RAC in practical construction engineering.
However, the application of RAC in precast structures, particularly for precast shear walls, is
seldom explored, given the fact that the majority of the previous research focused on cast-in-
situ RAC structures.

The current study presents a precast RFA concrete shear wall with the pressed sleeves at
the splice joints, combining the advantages of RAC and pressed sleeve connections, in order
to significantly minimize the emissions of carbon dioxide due to the fabrication of precast
structures. The specifications for the pressed sleeve connection in the precast wall are
depicted in Figure 1, the reinforcements from both the upper and lower precast walls are
connected by the pressed sleeves with post-cast concrete infilled in the connection region.
Figure 2 presents the procedure of using the pressed sleeve to connect two separated bars
splices. In order to produce plastic deformation on the steel sleeve, hydraulic moulds are
applied. This results in a highly firm contact between the sleeve and the bar splice, which is
attributed from interfacial friction and mechanical interlocking. Considering the space
limitations for the press machine and achieving on-site construction efficiency, half of the
reinforcements were connected by pressed sleeves and the rest were connected by lap-splices

with post-cast concrete infilled in the connection region, as shown in Figure 3. Seven precast
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shear wall specimens with the pressed sleeve connections and one reference cast-in-situ
specimen, were fabricated and evaluated under lateral cyclic loading programme, to examine
the seismic behaviour of the suggested shear walls. The influences of the aspect ratio, the
axial compression ratio, and the RFA content in concrete of the member were considered in
the experiments. The failure modes, hysteresis behaviour, strength, deformation of the shear
walls, and strains of the steels were discussed. Finally, the existing design methods for
ordinary RC shear walls, as specified in the Chinese code JGJ 3-2010 %, were adopted to
assess their applicability to the design of precast RFA concrete shear walls with pressed
sleeve connections.
2 EXPERIMENT PROGRAMME
2.1 Details of specimens

A total of eight shear wall specimens were prepared in the laboratory. The overall sizes of
all the specimens were predefined to be approximately 1/2 of the full-scale real structural
elements, due to the size limitation of the test setup. The geometric dimensions of the precast
specimens are displayed in Figure 3. Each specimen consists of a concrete foundation (with a
cross-section of 500 mmx500 mm), a concrete wall (with the thickness being 120 mm), and a
concrete loading girder (with a cross-section of 250 mmx250 mm), in which the wall portion
included a precast panel (with a cross-section of 960 mmx120 mm), a horizontal connection
composed of several pressed sleeves and the post-cast concrete, and the post-cast boundary
members (with their cross-sections being 240 mmx120 mm). The resulting cross-section
dimensions of the precast walls after casting concrete in the boundary members were 1440
mmx120 mm. The main parameters of the specimens are listed in Table 1, in which @ is the
content of RFA in RAC, Hp and H are respectively the heights of the precast panel and the
shear wall, and Ng is the applied axial compressive load. The axial compression ratio (ng) and

the aspect ratio (1) were respectively calculated by Eq. (1) and Eq. (2) 2/, where A is the cross-



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

section area of the shear wall, Ho is the effective height of the shear wall, taken as the distance
from the loading point to the bottom of the wall, hyw is the cross-section width of the shear
wall taken as 1440 mm for all the specimens, and f; is the axial compressive strength of
concrete in the connection. Each specimen’s label is preceded by the letters ‘SW”’ (for cast-in-
situ shear wall) or ‘PW’ (for precast shear wall), then the aspect ratio, axial compression ratio

and the content of RFA in RAC.

N
Ny =—— (1)
f A
H
A=—2
h, @)

The reinforcement layout for the specimens are shown in Figure 4. A total of fourteen
longitudinal reinforcements with the diameter of 12 mm were arranged in the wall panel, half
of the reinforcements were connected by pressed sleeves and the rest were connected by lap-
splices. U-shaped hoops with the diameter of 8 mm were anchored into the precast wall panel
and adopted as stirrups of the boundary members. The boundary members were fabricated by
the lapped longitudinal reinforcements with a diameter of 12 mm and post-cast concrete,
considering the construction convenience of connecting the adjacent structural members (such
as other walls and beams) in practical engineering.

The assembly process of the specimens is indicated in Figure 5. The wall panel with a
loading girder and the foundation were prefabricated in the factory. After that their
longitudinal reinforcements were aligned, and connected through pressed sleeves and lap-
splice connections. The construction of the pressed sleeves using the hydraulic jack and the
hydraulic moulds is shown in Figure 6. Finally, the boundary members and the connection

region were cast with RAC.
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2.2 Materials

Recycled fine aggregate (RFA) was used to fabricate the precast shear walls and the post-
cast concrete. According to the Chinese code GB/T 25176-2010 8, the material characteristics
of the RFA were measured based on and presented in Table 2. The RAC was designed based
on NAC with Grade C40 ', with their mix proportions determined according to JGJ/T 240-
2011 ?° and listed in Table 3. For each type of concrete, three 150 mm concrete cubes were set
aside and allowed to cure under the same conditions as the wall specimens to determine their
actual cubic compressive strengths fcy at the time of cyclic testing. Table 4 lists the average
measured values of fe for all the concrete types. The axial compression strength fc, the axial
tension strength f; and the elastic modulus Ec of concrete were then calculated by Egs. (3)—(6)

27.30 and listed in Table 4.

f.=0.76f, (3)
f, = 0.395f 2% (4)
10°
E = 22+—3£ (for NAC) (5)
fou
5
E = ?A}Ol (for RAC) (6)

a

Grade HRB400 steel 2" was used for all the reinforcements of the specimens. Tensile
coupon tests were carried out to derive the material properties of the reinforcements. Table 5
collects the measured vyield strength fy, ultimate strength f, and Young’s modulus Es. The
pressed sleeves were manufactured using Type 20 carbon steel 3!, and supplied by Ji’nan
Hegui Machinery Equipment Co. LTD. The geometric dimensions of the pressed sleeves are
reported in Table 6. Tensile tests on the pressed sleeve connections were also conducted

following the test procedures in JGJ 107-2016 %2, with the test setup displayed in Figure 7.
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The failure modes of the pressed sleeve connections were generally characterized by the
fracture of the connected reinforcement, while the pressed sleeve remained intact, as shown in
Figure 8(a). Figure 8(b) compares the tensile force—displacement curves of the pure
reinforcements and the sleeve connections, which reveals that the sleeve connections
generally exhibited similar strengths with enhanced deformation capacity when compared to
the reinforcements.
2.3 Experiment setup and measurements

Figure 9 depicts the test setup for the shear wall specimens. The foundation of the specimen
was fixed by the hydraulic jack and the vertical tie rods onto the floor. The axial compressive
load was delivered to the predefined value initially by using a hydraulic jack with rolling
support, and remained unchanged during the subsequent cyclic horizontal loading. Due to the
capacity limit, two 1000 kN capacity MTS actuators were used to apply horizontal loads to
the specimen through the rigid loading girder. The horizontal loads were applied by
displacement control through drift angles, following the cyclic loading spectrum shown in
Figure 10. The drift angle was defined by Eq. (7), where 4 is the horizontal displacement at
the loading point. A set of drift angle amplitude, including 1/1000, 1/800, 1/500, 1/400, 1/250,
1/200, 1/135, 1/100, and 1/75, were utilized for the whole horizontal loading, with each cycle
repeated twice. The experiments were terminated when the axial load could not be kept
constant or the horizontal bearing capacity of the specimen had dropped below 85% of its

maximum value.

A
0= (7)

0
The instrumentations of the cyclic loading test are depicted in Figure 9. The axial
compression force was captured by the load sensor of the jack, and the horizontal load was

recorded by MTS actuator systems. A pair of linear variable differential transducers (LVDTS)

10
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D1 and D2 were positioned diagonally on the back side of the wall to record its shear
deformation. The horizontal displacement at the loading point was taken as the average value
from LVDTs D3 (front side) and D4 (back side). Strain gauges were affixed on the
reinforcements and the pressed sleeves, with their positions marked in Figure 11.

3 Test results and discussion

3.1 Failure modes

All the specimens failed in similar manner, with crack patterns shown in Figure 12.
Regarding the precast specimen PW-1.1-0.33-30%, small horizontal cracks appeared at the
splice joint at the drift angle of 1/1000 and continued to develop when the drift ratio increased
to 1/800. The tensile reinforcement of the specimen yielded at the drift ratio of 1/400, and the
shear cracks (approximately 45° from the horizontal line) began to appear on the tensile side
of the wall. When the drift angle increased to 1/250, the bending and shear cracks penetrated
to the mid-height of the wall. At the drift angle of 1/135, concrete spalling occurred in the
bottom of the compressive boundary member, and the specimen reached its maximum lateral
strengths of 907.0 kN and 894.3 kN in positive and negative loading directions, respectively.
When the drift angle increased to 1/100, the specimen failed to bear the axial compression
load and showed a flexure-compression failure mode upon completion of testing. There were
no penetrating horizontal fractures between the splice joint and the precast wall, indicating
that sliding deformation was insignificant when the specimen failed.

The experimental observations of the cast-in-situ specimen SW-1.1-0.33-30% were similar
to those of specimen PW-1.1-0.33-30%, except that several vertical compressive cracks were
found in the wall panel, owing to the concentration of axial compression force in the middle
of the loading girder. Specimen PW-1.4-0.33-30% with 1=1.4 behaved similarly to specimen
PW-1.1-0.33-30% (4=1.1), with extensive bending cracks formed and evenly distributed on

the wall. Specimen PW-0.9-0.33-30% with 4=0.9 was characterized by extensive shear cracks

11
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and failed by a flexure-shear mode. For specimen PW-1.1-0.45-30% with a higher
compression ratio of 0.45, the flexure cracks developed more slowly, and the severe spalling
of concrete at the bottom of the boundary members was observed. On the contrary, flexure
cracks appeared earlier and developed faster on specimen PW-1.1-0.20-30% with nd=0.20;
this is due to the fact that the smaller axial compression force could not counteract the tensile
force in the concrete fibres at the tensile boundary member. The failure process of the
specimens PW-1.1-0.33-0 and PW-1.1-0.33-70% were almost identical to the standard
specimen PW-1.1-0.33-30%, indicating that use of RFA concrete did not have an
unfavourable influence on the failure modes of the specimens.

In addition, the post-cast concrete at the connection region was removed upon testing to
examine the condition of pressed sleeves, as a typical photo from specimen PW-1.1-0.33-30%
shown in Figure 13, where they were intact and stably connected with the reinforcements.

3.2 Hysteresis curves

The lateral force—drift angle (P—8) hysteresis curves for all specimens are displayed in
Figure 14, together with the lateral force—displacement (P—A) hysteresis curves. In general, all
the specimens entered into the elastic state without noticeable residual deformation when
unloading within the drift angles of 1/800, indicating a linear structural response of the precast
walls. The hysteretic curves generally became full with obvious residual deformation when
unloading as the drift angle increased to 1/400~1/250. In this stage, the strengths of the
specimens kept growing with accumulated residual deformation, leading to an expansion of
the closed area of the hysteresis curves. After the maximum lateral loads were attained, the
pinching effect became more evident in hysteresis loops because of the slippage of the
longitudinal reinforcements, while the lateral stiffness and the lateral bearing capacity were

reduced due to the damage accumulation.
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As displayed in Figs. 14(a) and 14(b), the precast shear wall PW-1.1-0.33-30% had similar
hysteresis curves to the reference cast-in-situ specimen SW-1.1-0.33-30%. As shown in Figs.
14(b), 14(e), and 14(f), the increase of the axial compression load led to a reduction in the
deformation capacity since the drift angles at the final loading stages were 1/75, 1/100 and
1/200 for PW-1.1-0.20-30%, PW-1.1-0.33-30% and PW-1.1-0.45-30%, respectively. In
addition, there was no considerable variation in the form of the hysteretic curves for
specimens with various RFA content and aspect ratios, indicating that these factors had
insignificant influence on the hysteresis curves.

3.3 Skeleton curves

The lateral force—drift angle (P—#) skeleton curves, taken as the envelope of each hysteretic
curve, are displayed in Figure 15. Table 7 lists the peak load Pm, the drift angle at the peak
load Om, the ultimate load Py, and the drift angle at the ultimate load 6, determined from the
P—0 skeleton curves. Note that 6y is defined as the drift angle at 0.85Py in the post-peak
branch of the skeleton curve or the maximum drift angle during cyclic loading tests for those
severely damaged specimens incapable of reaching 0.85Pm.

It can be observed from Figure 15(a) and Table 7 that the skeleton curve, the load-carrying
capacity and the ultimate deformation of the precast specimen PW-1.1-0.33-30% and the cast-
in-situ counterpart SW-1.1-0.33-30% were similar. Thus, the precast wall with pressed
sleeves can be seen as equivalent to the cast-in-situ one. Comparing specimens PW-1.1-0.33-
30%, PW-0.9-0.33-30% and PW-1.4-0.33-30% with different aspect ratios, it is found in
Figure 15(b) and Table 7 that the bearing capacity of the specimen with the aspect ratio of 0.9
was about 12.6% and 30.2% greater than those of the specimens with A=1.1 and 1=1.4,
respectively, which means the bearing capacity rose gradually with the decrease of aspect
ratio. As evidently shown in Figure 15(c) and Table 7, the increase in the axial compression

ratio significantly increased the lateral bearing capacity of the shear wall specimens. The
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average lateral bearing capacities for specimens PW-1.1-0.45-30% (with ng=0.45) and PW-
1.1-0.33-30% (with ng=0.33) increased by 14.0% and 9.5% when compared with specimen
PW-1.1-0.20-30% (with ng=0.20). However, the higher axial compression ratio had an
adverse effect on the ultimate deformation capacities of the specimens. For the specimen
series with different RFA content presented in Figure 15(d), it was found that specimen PW-
1.1-0.33-30% with the RFA content of 30% had identical bearing capacities to specimen PW-
1.1-0.33-0 with natural aggregate concrete. However, the average bearing capacity of
specimen PW-1.1-0.33-70% with the RFA content of 70% decreased by 22.0% when
compared to those of specimen PW-1.1-0.33-0.
3.4 Ductility

The ductility coefficient () is a quantitative measure of the post-peak deformation
capacity, and can be determined by Eq. (8), where the yield drift angle 6y of each specimen

was determined using the method proposed by Park 3.

H=—" (8)

Table 7 listed the yield load Py, the drift angle at the yield load 6y, as well as the ductility
coefficients. The drift angle at the ultimate load varied from 1/195 to 1/81, while the ductility
coefficients x were in the range from 2.2 to 4.4, which demonstrated that the specimens
exhibited favourable deformation capacity during the post-peak stage. The precast shear wall
had almost the same ductility coefficients to the cast-in-situ counterpart. The increase in the
axial compression ratio and the RFA content may lead to an adverse impact on the ductility,
as the concrete is more fragile in the case of high axial compression ratio, resulting in the

premature failure of concrete due to crushing and spalling.
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3.5 Stiffness degradation
The secant stiffness—drift angle curves for the specimens are shown in Figure 16, in which
the secant stiffness K; is defined by Eq. (9) **, where +Pij and -Pij are the peak loads
corresponding to the positive and negative direction in the ith loading cycle at the jth drift
angle stage, respectively; +4i; and -4i; are the displacements associated with +P;j; and -Pij,

respectively; m stands for the number of loading cycles.
i‘*'ji,i‘jL“RJ‘

K, ==
;‘*4,j‘+‘_4,1‘

(9)

As shown in Figs. 16(a)-16(d), the stiffness of the specimens reduced in a non-linear
pattern as the drift angle raised. As displayed in Figure 16(a), the degradation curves of the
precast specimen were identical to those of the cast-in-situ counterpart, indicating that the
precast specimen had comparable stiffness degradation properties with the cast-in-situ one. As
shown in Figure 16(b), specimens with a smaller aspect ratio had greater stiffness and steeper
stiffness degradation. In contrast, the stiffness and stiffness degradation were insensitive to
the variation of the axial compression ratio, as evident in Figure 16(c). As displayed in Figure
16(d), specimen PW-1.1-0.33-30% exhibited similar stiffness degradation curves to its
counterpart with natural aggregate concrete, while those of the specimen with 70% RFA
content were significantly lower.

3.6 Energy consumption

In this section, the cumulative energy dissipation as well as the equivalent viscous damping
factor of the specimens during cyclic loading were discussed. The cumulative energy
dissipation Y E is denoted as the total area encompassed by each hysteresis loop (see the
shaded part in Figure 17). The cumulative energy dissipations for each specimen series are
plotted against the cycle numbers and shown in Figure 18, in which an overall rising trend of

the energy dissipation was observed. As displayed in Figure 18(a), the energy dissipation
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capacity of the precast specimen was almost equivalent to that of the cast-in-situ specimen
during the whole loading process. The specimens with smaller aspect ratios or higher axial
compression ratios were favourable to the dissipated energy under the same drift angle, as
evident in Figs. 18(b) and 18(c). As shown in Figure 18(d), specimen PW-1.1-0.33-30% with
the 30% RFA content had almost the same energy consumption capacity as specimen PW-
1.1-0.33-0 with NAC. However, the energy consumption capacity of the specimen PW-1.1-
0.33-70% with the RFA content of 70% was significantly reduced.

The equivalent viscous damping factor &g is further adopted to evaluate the energy
dissipation capacity of each specimen. The equivalent viscous damping factor is calculated by
Eq. (10) **, where Sasc and Saco are respectively the shaded part enclosed by the hysteresis
curves, and Soge and Sopr are the areas of the two triangles bounded by the hysteresis curves
in Figure 17. The equivalent viscous damping factors for each specimen series were plotted
against the loading cycle numbers and shown in Figure 19. In general, the equivalent viscous
damping factors ranged from 0.05 and 0.15 prior to severe damage of the specimens. Both
precast and cast-in-situ specimens had exactly similar factors as the loading cycle numbers
increased. Specimen PW-0.9-0.33-30% with the aspect ratio of 0.9 had higher values of &q
during the cyclic loading process when compared to its counterparts PW-1.1-0.33-30% and
PW-1.4-0.33-30%. Moreover, the effect of the RFA content and the axial compression ratio

on the equivalent viscous damping factor was limited, as evident in Figs. 19(c) and 19(d).

_ i Sasc + Saco
21 Soge + Sopr

Seq (10)

3.7 Shear distortion
The total deformation of the shear wall consists of bending deformation and shear
distortion at the loading point. The shear distortion 4s is defined as the deformation induced

by the shear force, and can be calculated by Eq. (11) *° using the schematic diagram depicted
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in Figure 20, where d; and d are the original diagonal lengths, respectively, D1 and D are
respectively the elongation or shortening measured by the LVDTs D1 and D2 (see Figure

9(b)), and % is the height of the calculated section for shear deformation.

4 =5 N@+Dy =7 - Jd, + D) 17| (12)

Figure 21 depicts the ratios of shear distortion to total deformation for each specimen series
plotted against drift angles. It is revealed that the proportion of shear distortion of all the
specimens steadily developed with the increase of drift angles. The precast specimen PW-1.1-
0.33-30% possessed a similar maximum shear distortion ratio equal to approximately 0.5 as
the reference cast-in-situ one. The shear distortion ratio significantly increased with the
decrease in aspect ratio, reaching up to 0.8 for specimen PW-0.9-0.33-30%. In addition, the
variation of the axial compression and RFA content were found to be insensitive to the shear
distortion ratio.

3.8 Strain of reinforcements

The stresses of the longitudinal and horizontal reinforcements, as well as the pressed
sleeves, are discussed in this section. Figures 22(a) and 22(d) show typical stresses of the
longitudinal and horizontal reinforcements at the bottom of the shear wall for specimen PW-
1.1-0.33-30% plotted against the drift angles. It is worth noting that the positive and negative
values stand for tensile and compressive strains, respectively. It can be seen from Figs. 22(a)
and 22(b) that the longitudinal reinforcements in the boundary members were subjected to
repeatedly tensile and compressive strains during cyclic loadings, and they reached their yield
strain near the drift angle of 1/400. The horizontal reinforcements at the bottom of the shear
walls did not reach their yield strains, as evident in Figure 22(c). This revealed that the
horizontal reinforcements did not bear a comparable amount of load during the whole loading.
Regarding specimen PW-0.9-0.33-30%, the horizontal reinforcements in the precast wall

panel reached their yield strains at the drift angle of 1/250, as shown in Figure 23; this showed
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good agreement with the experimental findings that the specimen eventually failed by a
flexure-shear mode.

In Figure 24, the strains of the pressed sleeves and the associated longitudinal
reinforcements are shown versus the drift angles. It can be seen that the compressive and
tensile strains of both pressed sleeves and the associated reinforcements were almost in the
same trend, revealing a reasonable load transfer capacity during the experiment. The tensile
strains of the reinforcement below the sleeve (i.e., strain gauges V4 and V5) are significantly
greater than those of the reinforcement above the sleeve (i.e., strain gauges V9, V10, V12 and
V13), while the compressive strains of the reinforcement below the sleeve were slightly
higher. This is mainly due to the interaction effect of the concrete at the upper and lower ends
of the sleeve. Besides, the sleeves (measured by strain gauges V11 and V14) did not reach
their yield strains, since the cross-section area of the sleeves was larger than the
reinforcements.

4 Design of the precast shear walls
4.1 General

The experimental results presented in Section 3 have demonstrated that the precast shear
walls with pressed sleeve connections behaved in a similar manner to the cast-in-situ ones.
Thus, the existing design rules for normal RC shear walls, as given in the Chinese code JGJ 3-
2010 %, were assessed for their applicability to the design of precast shear walls with pressed
sleeve connections. In the following subsections, the calculations of the sliding strength,
flexural strength and shear strength are fully described. The strength predictions were then
compared against the experimental results, with the mean ratio of the predicted strengths to

the experimental peak loads and the corresponding COV listed in Table 8.
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4.2 Sliding strengths

For precast shear walls with horizontal construction joints at the bottom, slippage may
occur at the interface between the precast wall and the foundation. The sliding strength Vs at
the horizontal construction joints is calculated by Eq. (12), where fy and As are the measured
yield strength and total cross-section area of longitudinal reinforcements, respectively, and Nq

Is the applied axial compressive load.

V, =0.6f,A +0.8N, (12)

The sliding strength predictions Vs determined by Eq. (12) were compared against the
experimental peak loads and summarized in Table 8, in which the predictions were much
greater than the test results. This is consistent with the test observation, in which the precast
specimens eventually failed by either flexure-compression or flexure-shear modes without
significant sliding.

4.3 Flexural strengths

Based on the experiment results in this study, there is a trend that the precast recycled
aggregate concrete shear walls with pressed sleeves were failed in flexure-compression or
flexure-shear modes. Therefore, the design method for flexural strengths of normal shear
walls, as specified in JGJ 3-2010 ¢, was employed herein. The schematic diagram is depicted
in Figure 25, which is determined based on both force and moment equilibrium with the plane
section assumption. Note that the tensile reinforcements located outside 1.5 times the concrete
compressive block, as well as the reinforcements in the compressive boundary member, were
assumed to be yielded. The force and moment equilibrium for the bottom section of the
precast wall are respectively given by Eqgs. (13) and (14), where x is the relative depth of the
compressive area, a1 is the coefficient and taken as 1.0, fc is the axial compression strength of
concrete, b and hy are the thickness and width of the wall section respectively, /°y and fy are

respectively the yield strengths of the compressive and tensile reinforcements in boundary
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members, As and A4’s are respectively the total cross-section area of reinforcements in the
tensile and compressive boundary member, Asw and fyw are respectively the total cross-section
area and yield strength of the longitudinal reinforcements in wall panel, hwo is the distance
from the extreme compressive fibre to the centroid of the tensile reinforcements in the
boundary member, and a’s is the distance from the extreme compressive fibre to the centroid

of the reinforcements in the compressive boundary member.

Ny=a; fbx+f,A-f A -1, %(hW -1.5x) (13)
h h :
M=, 2 (0, 1502+ 2+ NCE-2)+ 1, A (h,e-2) )

W

Upon determination of the ultimate moment capacities of the precast shear walls by Egs.
(13) and (14), the flexural strength of the precast wall Ps can be calculated by Eqg. (15). Table
8 summarizes the flexural strength prediction of each precast shear wall specimen. The mean
ratio of the predicted to test results Ps/Pavyg and the corresponding COV are equal to 0.92 and
0.05, respectively. It confirms that the design methods given in JGJ 3-2010 26 can be generally
safely applied to precast shear walls with pressed connections failed by flexure-compression

or flexure-shear.

P=M/H, (15)

4.4 Shear strengths

The design method for the shear strength of RC shear walls with the aspect ratio smaller
than 1.5, as given by JGJ 3-2010 2, considers the beneficial effect of axial compressive load
on the shear strength of shear walls. The formula is given in Eq. (16), where ftis the tensile
strength of concrete, N is the axial compressive load and is limited to 0.2fcbhw, fyw is the yield
stress of horizontal web reinforcements, sy is the spacing of the horizontal reinforcements, and

Aw and A are the web and total cross-section area of the shear wall, respectively.
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436 V,=0.4f bh,, + 0.1IN %+0-8fw %ho (16)

Vv

437 The shear strengths of each precast wall with pressed connections are calculated by Eq. (16)
438  and listed in Table 8. It is indicated that the predictions were conservative when compared
439  against the test strengths except for specimen PW-0.9-0.33-30% failed by the flexure-shear
440  mode. This is consistent with the experimental observations, where specimen PW-0.9-0.33-30%
441  was characterized by many penetrating shear cracks when the specimen failed.

442 5 Conclusions

443 A precast RFA concrete shear wall with pressed sleeves at the splice joints was proposed in
444  this paper. Lateral cyclic loading tests were conducted on seven precast shear wall specimens
445  with the pressed sleeve connections, as well as one reference cast-in-situ specimen, to
446  examine their seismic performance. Based on the results and discussion of the research, the
447  following conclusions can be obtained:

448 (1) The pressed sleeve connections were capable of transmitting both tensile and
449  compressive force between reinforcements. During cyclic loading tests, the precast shear
450  walls with pressed sleeve connections had almost the same hysteresis behaviour, strengths,
451  ductility coefficient and energy dissipation capacity as the cast-in-situ ones, with the pressed
452  sleeves kept intact and stably connected with the reinforcements. Thus, the precast shear wall
453  connected by pressed sleeves could be considered equal to the cast-in-situ counterpart.

454 (2) Within the range of parameters selected in this study, the seismic performance of the
455  precast specimens with an RFA content of 30% was almost the same as that of the precast
456  specimens with natural aggregate concrete, while the behaviour of the specimen with a higher
457  RFA content became worse.

458 (3) Similar to the cast-in-situ shear wall, the aspect ratio had a significant impact on the

459  seismic behaviour of the precast ones. The bearing capacity of the specimen with the aspect
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ratio of 0.9 was about 12.6% and 30.2% greater than those of the specimens with 2=1.1 and
A=1.4, respectively. With the decrease in the aspect ratio, the precast shear wall specimens
exhibited greater stiffness, steeper stiffness degradation and higher dissipated energy.

(4) The drift angles at the yield loads of the precast specimens ranged from 1/463 to 1/267,
with their ultimate loads in the range between 1/195 and 1/81. The equivalent viscous
damping factor ranged from 0.05 to 0.3 prior to severe damage of the specimens, which
demonstrated that the proposed precast shear walls had a desirable deformation and energy
consumption capability.

(5) The existing design rules JGJ 3-2010 26 were found to be applicable for predicting the
strengths of the proposed precast RFA concrete shear walls with pressed sleeve connections
with a high design accuracy.
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Figure 1 Specifications for the pressed sleeve connection
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Figure 5 The assembly process of precast specimens

595
Steel sleeve being pressed Hydraulic jack
Hydraulic
moulds
(1
| P
(a) Pressing sleeves on the reinforcements (b) Pressing device
Figure 6 The process of pressing sleeves
596
597
598
Fractured 80 | | |
_} I _Ereinforcements e TS e e
i : T i .
i /\ |- eof T -
1 1 74 V- 1
LLE! L . /’/' i ‘
K < ' | l
Intact % I o 40 i r
sleeve - rl, — — Reinforcements q !
d with pressed sleeve| . 1
201f = - Reinforcement-1 A 1]
i -+ - Reinforcement-2 I 1
P’ — - — Reinforcement-3 g 1
0 I I |
20 40 60 80
(a) Failure modes A (mm)

(b) Force—displacement curves

Figure 8 Force—displacement curves and failure modes of sleeve connections (®12) and

30



reinforcements (D12)

599
Reaction frame — Reaction
. Iie rod:
Rolling support -
Hydraulic jack -~
LVDT (D3) -‘VVD"S';l:I;x - LVDT (D4)
[ Tehiatcr (J— W——ee Y N 0 D 00 D =R e e
... Double MTS
systems
Tie rods -
Crossed LVDT (L
Hydraulic jack - Foundati
(1100 for - Crossed LVDT (L
(a) Schematic diagram (front side) (b) Schematic diagram (back side)
e
oine v SR Wl o
:
|
(c) Typical photograph
Figure 9 Test setup (unit. mm)
1/75
.......... 1100}
1/135
1/200
v 1a00f 1 A A
2 1/500
) 1/800
S [AAAAAA AAA
£ [TTVVTTITL Coading
a cycles
600
601 Figure 10 Spectrum of cyclic loading

31



602

603

[ 3

50 150 150 120

HS[VS|V6|V7|H4

/ ‘:\
o N
NN
-—-\\\ ! ] {:\‘\\\/\/ﬁ

Crack (negative direction) :
-\ WM Crushed area :
= [ Cast-in-situ area

r =5 H -
HYY 7 H
: : 4 /,/'_’ :

[ A Crack (positive direction

(a) SW-1.1-0.33-30%

Y .:
Crack (positive direction)’s- ¥gg=ss=+

— Crack (negative direction) 5\ ¥
B Crushed area ' ¥ P
Post-cast area : z

(c) PW-0.9-0.33-30%

32

\
S

Y\V\'\,gg/’j ‘

e

"""""""" Crack (positive direction] ™"

T
AVRANNR

(P77 A

IS VI
Crack (negative direction) 3"
E Crushed area '

Post-cast area e 4
Sas a i

(b) PW-1.1-0.33-30%

------ 3= ‘
= :— Crack (negative d.lrcctlon‘)é,\ -,

= Vﬁs- Crushed area
A

Post-cast area

(d) PW-1.4-0.33-30%



TN

fo
'\:l*‘_ —

TN [
~| ]
g i

A% AP =

= N LT

.——!-L.\ 58 s ey .

"""" j ) Crack (positive direction')%"u
v { — Crack (negative directionj -

4 EEEE Crushed area

Post-cast area .

Crack (positive dirél':h'ﬁ) 3. I i

Crack (negative direction)i/
I Crushed area :

Post-cast area

s

(€) PW-1.1-0.45-30% (f) PW-1.1-0.20-30%

2 s

///f// -

S
<
\\\ N
N

~
AT

;
)

Crack (positive ditection) 3= ¥gg=rs==*

Crack (positive direction): \
Crack (negative direction)i}/
Crushed area

Post-cast area ey

Crack (negative direction): A\

(9) PW-1.1-0.33-0 (h) PW-1.1-0.33-70%
Figure 12 Crack pattern of specimens

604

Figure 13 Intact pressed sleeves after cyclic loading test (PW-1.1-0.33-30%)
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Figure 17 Typical hysteresis loop diagram

36

0.0
(%)

(d) Comparison of specimens with different

ontent




60 , , n 60 , , .
—u—PW-1.1-0.33-30% —=— PW-1.1-0.33-30%
50 || —a— SW-1.1-0.33-30% 50 | —a— PW-0.9-0.33-30% 1
/{ —e— PW-1.4-0.33-30%
40 i _40 A 1
" : i
20 o “20 A ]
~ e
10 o 10 b :
-l'.. “‘é"
0 Luangneae®’ 0 Laasasstsd] i i |
0 10 20 30 40 0 10 20 30 40
Half-cycle numbers Half-cycle numbers
(a) Comparison of precast and cast-in-situ (b) Comparison of specimens with different
specimens aspect ratio
80 , , 5 60 , , =
—u— PW-1.1-0.33-30% / —a— PW-1.1-0.33-30% b4
—a— PW-1.1-0.45-30% s 50 ||—a— PW-1.1-0.33-0 1
60 f|—e— PW-1.1-0.20-30% .,/ —e— PW-1.1-0.33-70%
- J _ 40t ]
E I'/ E
<40 ¥ <30 1
w ,-le o
2 L N
ﬂjo 20 | b
20 ‘:;;;;' Soe
e o ‘
0 ressstttt®t 0 —"
0 10 20 30 40 0 10 20 30 40
Half-cycle numbers Half-cycle numbers
(c) Comparison of specimens with different (d) Comparison of specimens with different
axial compression ratio RFA content

Figure 18 Cumulative dissipated energy

621
622
623
624
625
626

37



0.4

—a—PW-1.1-0.33-30%
—a— SW-1.1-0.33-30%

0.3F

wWB0.2F //A
/‘\/
/

o8 N/

0 4 8 12 16
Loading cycle numbers

(a) Comparison of precast and cast-in-situ

specimens

0.4

—a— PW-1.1-0.33-30%
—a— PW-1.1-0.45-30%
0.3 [/—e— PW-1.1-0.20-30%| , |

wg 0.2 L,\.
B NAANAN T

0 5 10 15 20
Loading cycle numbers

(c) Comparison of specimens with different

axial compression ratio

0.4

—a— PW-1.1-0.33-30%
—a— PW-0.9-0.33-30%
0.3 [l—e— PW-1.4-0.33-30% |

>

S

0.

[y

1

i i i J

0 4 8 12 16
Loading cycle numbers

(b) Comparison of specimens with different

aspect ratio

0.4

—s— PW-1.1-0.33-30%
—a—PW-1.1-0.33-0 ‘
0.3H—*— PW-1.1-0.33-70% B — 4

" N A/

0 4 8 12 16
Loading cycle numbers

(d) Comparison of specimens with different

RFA content

Figure 19 Equivalent viscous damping factor

A ——

~

hﬁ

Figure 20 Calculation of the shear distortion

627



628
629
630
631
632
633

634

1.0
<
i)
=
o 08
k%)
2
S
8 06 A—aA———A—A—_
& " —
2 | :
© 04
<
g ||
< A
o 0.2
8— —s— PW-1.1-0.33-30%
a —a— SW-1.1-0.33-30%
0.0 0.3 0.6 0.9 1.2

0 (%)

(2) Comparison of precast and cast-in-situ

specimens

1.0
c
§=
S 08
2
©
3 06 Am——— —
% jﬁa"/.‘\‘_—l\\-
S 04
S !
5 o2 —=— PW-1.1-0.33-30%)|
= —a— PW-1.1-0.45-30%
5 —e— PW-1.1-0.20-30%

0.0 0.3 0.6 0.9 1.2 15

0 (%)

(c) Comparison of specimens with different

axial compression ratio

1.0

c

=]

=

S 08

k7] / —,

° /

T 06 4

< - . —

ﬁ ./ T~

S 04} o -

5 P ©

5 02 z —a— PW-1.1-0.33-30%) |

S —a— PW-0.9-0.33-30%

a —e— PW-1.4-0.33-30%
0.0 0.3 0.6 0.9 12

0 (%)
(b) Comparison of specimens with different

aspect ratio

1.0
c
2
=
S 08
k%!
o
et
3 0.
§ 0.6 o s
i — —]
G 04 _"/: — 4
= /
2 o
5 02} 4 —— PW-1.1-0.33-30%) |
s —a—PW-1.1-0.33-0
T —e— PW-1.1-0.33-70%
0.0 0.3 0.6 0.9 12

0 (%)
(d) Comparison of specimens with different

RFA content

Figure 21 The proportion of shear distortion

39



8000 T T T T 8000 T T T T
[—Vi—Vv2—V3—V4 |— Vvs——Vv6——Vv7——vg|
4000 ] 4000 KN\ : :
& ield strain=2233 pne — N yield strain=2233 pg
= ' g AN -
RS 0 —_—— X 0
5 — | P — N -
ield strain=2233 pe| lyield strain=2233 pe
-4000 = e s -4000 \S
-8000 -8000
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
6 (%) 6 (%)

(a) Strains of longitudinal reinforcements (b) Strains of longitudinal reinforcements

measured by V1, V2, V3 and V4 measured by V5, V6, V7 and V8
2000 T T 2000 T T T T
[— HL—H2—H3 |—Hs——H7—Hg
1000 1000} 1
& == 7 & — |

X 0 = == 1 X 0 —

@ Z = —= @ -
-1000 -1000 |
-2000 -2000 - - -

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

0 (%) 0 (%)

(c) Strains of stirrups measured by H1, H2 (d) Strains of stirrups measured by H5, H7

and H3 and H8

Figure 22 Strains of reinforcements in PW-1.1-0.33-30%

4000 T L ! !
2000 d strain= il
B
& =
Z J
X 0
= J
-2000 yield strain=1912 pie
-4000
1.0 -0.5 0.0 0.5 10

0 (%)

Figure 23 Strains of horizontal reinforcements in PW-0.9-0.33-30%

635

40



6000

3000

£(x10®)

-3000

-6000
-1

(a) Strains of the pressed sleeve V11 and the

— Va—Vil— V10

yield strain=2233 pe

yield str:

in=2233 pe

.0 -0.5

0.0

0 (%)

0.5

1.0

connected reinforcement V4, V10 and V9

636

637

638
639

£(x10%)

6000

3000

\\— V5—— V14— V13— V1]
1\

yield strain=2233 pe

AN

&\
=

.
-3000 | vield strain=2233 pe A\
-
-6000
-15 -1.0 -0.5 0.0 0.5 1.0
6 (%)

Figure 24 Strains of pressed sleeve connections in PW-1.1-0.33-30%

N,
P, ¢

Reinforcement stress |

Concrete stress

7o M= P:H,
V4

‘Neutral axis

hw :

L h

wO!

7

4

T—d

1.5x

\l/ (g L5%) g Ay
Jyds

Figure 25 Schematic diagram for calculating flexural strengths

Table 1 Parameters of the specimens.

15

(b) Strains of the pressed sleeve V14 and the

connected reinforcement V5, V12, and V13

Connection types of

Specimen 10} Hp H Nqd . longitudinal reinforcements
Ngd
label (%) (mm) (mm) (kN) Boundary
Wall panel
members
SW-1.1- ] _
1100 1500 1738 0.33 1.1 Continuous Continuous
0.33-30%
Pressed
PW-1.1- )
1100 1500 1621 0.33 1.1 Lap splice sleeves and
0.33-30% .
Lap splice
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Pressed

PW-0.9- )
30 750 1150 1621 0.33 0.9 Lap splice sleeves and
0.33-30% .
Lap splice
Pressed
PW-1.4- ;
30 1500 1900 1621 0.33 1.4 Lap splice sleeves and
0.33-30% .
Lap splice
Pressed
PW-1.1- )
30 1100 1500 2210 0.45 1.1 Lap splice sleeves and
0.45-30% )
Lap splice
Pressed
PW-1.1- .
30 1100 1500 982 0.20 1.1 Lap splice sleeves and
0.20-30% .
Lap splice
Pressed
PW-1.1-
0.33.0 0 1100 1500 1644 0.33 1.1 Lap splice sleeves and
' Lap splice
Pressed
PW-1.1-
70 1100 1500 1166 0.33 1.1 Lap splice sleeves and
0.33-70% )
Lap splice
640
641 Table 2 The physical properties of RFA.
Cumulative sieve residue (%)
0
4 2 1 0 0 0
Crus .
Water Slit
h ) 0
) absorption content 7 3 1 6 3 1
inde 7
(%) (%) 5 6 8 0 0 5
X 5
m m m m n n
m
m m m m n n
m
1 3 4 5 7 8 9
R
1 2 9 8 2 5 2
F 2.7 6.4 6.7
9 4 3 1 8 9 9
642
643 Table 3 The mix proportions of concrete.
RF Sand Coarse
A kg/m3 aggregate Coal Water
RFA (kg/m) 99reg Cement
co (kg/m?3) ash (kg/m
(kg/m®) (kg/m®)
nte (kg/m?) %)
nt
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644

645

646

647

648

649

%
30
%
70
%

698
0
489
209
209
489

1138

338 38
1138

338 38
1138

338 38

194

205

219

Table 4 Concrete strengths of the specimens.

Precast wall panel

Post-cast concrete

[4 fc fc ft E G fcu 1t(: ft EC
. ( u ( ( c ( (M ( ( (
Specimen
¢ ( M M ( 0 Pa) M M M
label
) M P P M ) Pa P P
P a) a) P ) a) a)
a) a)
SW-1.1-0.33- 2 -
30% ( 4 3 3 3
0. 0. ' 3 — — - =
0
1 4 0
6
PW-1.1-0.33- 2 2
30% 3 2 5 5
2. z 37. 28 2.
8. 9. 9 8
( 9 C 4 4 9
1 0 5 2
7 5
PW-0.9-0.33- 2 2
30% 3 3 6 5
3. z 37. 28 2.
9. 0. 2 8
( 0 C 4 4 9
6 1 2 2
3 5
PW-1.4-0.33- 3 ) 2 2
30% . o 2. 5 s 37. 28 2. 5
( ' ' 9 7 C 4 4 9 8
2 3
8 2
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650
651

652
653

654

655

656

657

658

7 5
PW-1.1-0.45- 2 2
30% 3 2 5 5
E 2. 37. 28 2.
8 9 9 8
( 9 4 4 9
1 0 5 2
7 5
PW-1.1-0.20- 2 2
30% 3 2 5 5
: 2. 37. 28 2.
8 9 9 8
( 9 4 4 9
1 0 5 2
7 5
PW-1.1-0.33-0 ( 3 3. 28 2. 3
4 3 3 2 9 .8 9 2
1 1 ' 8 1
1
2 3 6 0
3 5
PW-1.1-0.33- i 2 2
70% ( 3 2 4 3
2. 26. 20 2.
3 5 9 3
7 9 4 4
2 2 5 0
1 6
Table 5 Material properties of reinforcements.
Symbol Diameter fy (MPa) fu, (MPa) Es (GPa) Type and
(mm) grade
D8 8 415 640 217 HRB400
D12 12 422 644 189 HRB400
Table 6 Details of pressed sleeves.
Inner Outer . Recommended
. . Thickness Length .
Type diameter diameter extrusion
(mm) (mm)
(mm) (mm) pressure (MPa)
D12 16 24 4 100 38-40
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659

660
661
662
663
664 Table 7 The key test results and ductility coefficients of specimens.
P P
y u
Lateral Pm
. _— ( 0 0 (
Specimen label directio (k Oy
k y m k
n N)
N N
) )
7 1 1 7
2 / / 4
87 11
+ 0 3 1 5
7.3 10
9 4
SW-1.1-0.33- 2 0 5 5
30% 7 1 1 7
7 / / 5
88 11
- 4 2 1 5
8.8 03
3 3
3 2 6 7
7 1 1 7
3 / / 7
90 11
+ 8 3 1 1
7.0 20
6 4
PW-1.1-0.33- 8 4 5 0
30% 7 1 1 8
4 / / 9 >1/
89
- 4 2 1 4 13
4.3
9 3 2
0 1 2 3
8 1 1 9
7 / 10 / 6 >1/
PW-0.9-0.33- + 5 3 59. 2 9 13
30% 9 5 4 3
7 1 5 5
- 8 1 10 1 8 11
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02.

>1/
13

75
9.1

PW-1.4-0.33-

>1/
13
2

67
9.3

30%

>1/

97
1.8

PW-1.1-0.45-

30%

>1/
19

86
7.0

85
6.6

PW-1.1-0.20-

30%

79
3.8

1/1
09

91
4.2

PW-1.1-0.33-0

>1/

94
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7 / 9.2 / 5 98 3
8 3 1 1
4 3 5
3 0 6 3
6 1 1 6
>
0 / / 8
73 >1/ 3
+ 7 3 1 0
9.5 99
0 3 1
PW-1.1-0.33- 8 8 4 0
70% 6 1 1 6
0 / / 1 2
72 11
- 8 2 1 5
4.3 11
6 3 4
1 7 4 4
665 Note: The symbol “>” means that the lateral maximum displacement corresponding to the
666 specimen was heavily damaged and incapable for a 15% strength degradation from the peak load
667 Pm.
668
669
670
671
672
673
674
675 Table 8 Comparisons of strength predictions against test results.
P Fa
Load Pa il ilu
. . Pm Ve Vs Ps
Specimen ing vg P re
_ (k (k (k (kN
label direc (k a m
: N) N) N) )
tion N) % od
g e
87 0
+ 88 21 10
SW-1.1-0.33- 7.3 837
3. 35. 99. FC
30% 88 9 9
- 1 6 6
8.8 5
90 0
+ 90 20 10
PW-1.1-0.33- 7.0 812 .
0. 42. 16. FC
30% 89 2 9
- 7 0 8
4.3 0
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10

+ 59. 1
10 20 10
PW-0.9-0.33- 5 103 .
30 42. 16. FS
30% 10 9.6 0
9 0 8
- 02. 1
2
75 0
+ 71 20 10
PW-1.4-0.33- 9.1 649
9. 42. 16. FC
30% 67 4 9
- 2 0 8
9.3 0
97 0
+ 91 25 10
PW-1.1-0.45- 1.8 825 :
9. 13. 16. FC
30% 86 8 9
- 4 2 8
7.0 0
85 0
+ 82 15 10
PW-1.1-0.20- 6.6 732 .
5. 30. 16. FC
30% 79 .6 8
- 2 8 8
3.8 9
91 0
+ 93 20 10
PW-1.1-0.33- 4.2 817 .
1. 60. 19. FC
0 94 .6 8
- 7 4 7
9.2 8
73 0
+ 73 16
PW-1.1-0.33- 9.5 95 666 .
1. 78. FC
70% 72 8.8 5 9
- 9 0
4.3 1
0
ME
AN 9
2
0
(6{0)
\Y 0
5
676 Note: FC represents the flexure-compression failure mode, FS represents the flexure-shear failure
677 mode.
678
679 36
680
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