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Abstract: In external retrofitting where a new structure is attached to the facade of an existing building, the
connection between the two structures is critical for the seismic performance of the retrofitted building. Following
a previous study that introduced a precast prestressed concrete frame system with mild press joints (PC-MPJ) for
external seismic retrofitting of existing reinforced concrete (RC) frames, this paper presents an experiment of
assessing the hysteretic behavior of RC frames combined with PC-MPJ frames through cast-in-situ RC slabs for
connection. Two 1/2-scale specimens of different concrete strengths for the existing RC frames were subjected to
in-plane cyclic loading with a story drift ratio of up to 1/33. The concrete compressive strength of the existing RC
frame in one of the specimens was lower than 10 MPa. The results show that the connection slabs exhibited
adequate strength for the force transfer between the existing and retrofitting frames. The deformation of the
connection is predominated by the deformation at the slab-to-beam interfaces. The shear stiffness of the
connecting RC slabs in both specimens decreased as the interstory drifts increased, and the equivalent stiffness at
an interstory drift of 1/150 to 1/100 corresponded well to that estimated by the empirical equations in the current
Japanese manual for external seismic retrofitting. The out-of-plane and in-plane bending of the connection slab
was also evident from the test results.
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1 Introduction

Attaching external structures to the facade of an existing structure is an effective way of seismically
retrofitting reinforced concrete (RC) frame structures. The newly attached structures add to the strength and
stiffness of the existing ones and thus reduce the seismic demands for the existing structures. This method has
gained popularity in the past decades in seismic-prone regions of the world 31 primarily because it allows the
buildings to be continuously occupied and operated during the retrofitting construction. This would save
substantial costs related to the evacuation of the building and/or business interruption.

Many kinds of structural elements have been used for such external retrofitting. These include RC wall piers
[4; ordinary steel or energy-dissipating braces °/I°l; braced steel frames, either continuous across multiple stories
781 or discontinuous PN'%; and more innovatively, pin-supported walls with steel dampers [!!! and a specially-
designed brace-damper system that helps mitigate story drift concentration 1?1, To make the retrofitted buildings
more aesthetically attractive, bare moment-resisting frames composed of steel '], concrete encased steel ', or
precast prestress concrete (PC) [1116] have also been used for external retrofitting of existing RC frames. The use
of precast PC frames has the advantage of fast construction and good quality control. In addition, the self-centering

capacity of the PC frames would help reduce the residual drift of the building 17,
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The connection between the new and existing frames is critical for the performance of the retrofitted buildings.
In the cases of attaching only braces, the connection needs to be concentrated at points where the braces meet.
This requires the point anchors to be sufficiently strong to withstand the concentrated force transmitted from the
braces and sufficiently stiff to minimize the deformation lag of the added components. High-strength steel rods
that penetrate the existing RC beams are usually adopted to anchor the base plates of the added braces in such
applications P8 When braced frames or bare frames are used as the added structures, the connection can be
made between the new and existing beams and columns so that the force transfer is much more distributed. In
particular, groups of postinstalled anchor bolts, which are epoxy-grouted into the existing columns and beams,
have been commonly used B1¥1, In an experimental test, however, Kuramoto et al [ found that the damage to the
existing RC columns would be exaggerated by anchors on the columns. Ueki et al [ also investigated the
influence of the anchors on the columns both experimentally and numerically %! and suggested that column
anchors be eliminated.

For residential buildings with balconies, it is convenient to connect the new and existing frames through cast-
in-situ RC slabs at the level of each diaphragm (Fig. 1). In such a manner, the connection joint is distributed along
the span while the columns in the new and existing frames remain separate. In addition, the disturbance to the
existing living space can be minimized, and in some cases new living space can be created. In such an external
retrofit, the connection joint of the added frame is subjected to combined in-plane shear and bending because of
the eccentricity of the added frame with respect to the centroid of the existing frame 2!, In regard to the slab

connection, transverse beams are often introduced to resist the in-plane bending 161221,
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Figure 1. External retrofitting of existing RC frames with RC slabs for connection.

Although there are already applications of such external retrofitting by PC frames with cast-in-situ slabs for
connection ], few studies have been conducted to investigate the behavior of the connection slabs under the
combined shear and bending and its possible influence on the performance of the seismic retrofit. In this study, an
experimental test was performed on two 1/2 scaled specimens of RC frame subassemblies retrofitted by added PC
frames through RC connection slab. The PC frames with mild press joints (PC-MPJ) were selected as the
retrofitting system, which has been introduced in a previous paper of the authors [! and is illustrated in Fig. 1, in
which opr and f; are the prestress and the yield strength of the post-tensioned (PT) strands, respectively. The mild
press joint is similar in principle with the ductile joints for PC frames developed under the PRESSS program in

the US, and was first proposed and experimentally tested in Japan in the early 2000s 231, In the previous study!'7],



the effectiveness of the retrofitting scheme was investigated through quasi-static tests of separate RC and PC
frame specimens and numerical simulations of a prototype building, in which the connection between the PC and
the RC frames was assumed to be linearly elastic with an arbitrarily chosen stiffness. In the current study, the
damage characteristics of the combined RC and PC frames and the connection slabs were investigated with a

focus on the shear stiffness and its degradation of the assumingly elastic connection slabs.
2 Experimental test program

2.1 Specimens

Two geometrically identical specimens were prepared, each consisting of a RC and a PC subassembly that
were connected through a cast-in-situ RC slab at the floor level (Fig. 2). Both frames were approximately 1/2-
scale two-span single-story frames taken from an architype retrofitted building. Detailed information of the

architype building can be found in [17].

RC connection slab
(cast-in-situ)

PC frame
(f=50MPa)

Figure 2. [sometric drawing of specimens.

The only difference between the two specimens was in the nominal concrete compressive strength of the RC
frames that represent the existing buildings. In one specimen, it was 18 MPa, which is the typical concrete strength
of the buildings constructed in the 1960s in Japan as per the Standard for Seismic Evaluation of Existing
Reinforced Concrete Buildings 4. It was 10 MPa in the other specimen, which is lower than the minimum
concrete strength of 13.5 MPa for the afore-mentioned standard to be applicable. They are hereinafter denoted as
RC18P and RC10P specimens. The dimensions and reinforcement of the specimens are shown in Fig. 3. For
symmetry, only half of the specimen is shown in the figures. Tables 1 lists the measured concrete properties of the
specimens. Three concrete cylinders of 100 mm diameter and 200mm height were tested for each property and
the mean value and coefficient of variation (CV) are listed in the table. All rebars in the specimens were deformed

bars. The steel properties by the mill sheets are listed in Table 2.

Table 1. Material properties of concrete.

Compressive strength, fc Young’s modulus, £
Nominal Test Mean Nominal*  Test Mean
(MPa) (MPa) TestCV (10°MPa)  (10°MPa) TestCV

RC frame 18 17.0 0.015 22.4 23.8 0. 090

RC18P PC frame 50 50.0 0.034 31.5 35.6 0.037
Slab 30 36.5 0.004 26.6 259 0.010

RC frame 10 7.0 0.035 18.4 14.9 0.137

RC10P PC frame 50 55.0 0.061 31.5 34.4 0.046
Slab 30 40.2 0.005 26.6 28.8 0.072

*Calculated by the nominal f; according to the AlJ standard for RC structures (3.
3
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Figure 3. Dimensions and reinforcement of specimens (Unit: mm).
Table 2. Material properties of steel by mill sheets.
ID Nominal Grade Yield strength Tensile strength
diameter (mm) (MPa) (MPa)
D10 10 SD295A 370 512
D13 13 SD295A 379 517
D19 19 SD295A 398 579
¢13 PC rod 13 SBR930/1080 1366* 1455
¢17 PC rod 17 SBR1080/1230 1227* 1285
$12.7 strand 12.7 SWR7BL 1934* 2058

* Strength corresponding to 0.2% offset



In both specimens, the RC frame uses combined cross sections to represent both bays of the architype existing
RC frame along its longitudinal direction while the PC frame represents a single bay of external attachment for
seismic retrofitting. In the PC frame, the precast beams were compressed against the precast columns by two units
of strands, each containing two 12.7 mm diameter high-strength post-tensioned (PT) strands (nominal yield
strength of 1580 MPa). The precast columns were connected to the foundation beam by four 17 mm diameter
high-strength unbonded steel rods (PC rod, nominal yield strength of 1080 MPa). During construction, the precast
beams and columns were first erected in place. The PT strands and PC rods were then put inside the sheath ducts
and the intended gaps of the beam-to-column and column-to-foundation joints were filled with high-strength
mortar. After the strength of the joint mortar was deemed higher than that of the precast concrete, both the PT
strands and PC rods were posttensioned to 50% of their respective nominal yield strength, that is, 78 kN per PT
strand and 125 kN per PC rod. This gave a total of 312 kN of prestress force across the beam-to-column joints
and 500 kN across the column base joints. The sheath duct was then filled with grout after the prestressing. The
average compressive strength of the joint high-strength mortar was 91.9 MPa with a coefficient of variation of
0.036, and that of the grout was 61.9 MPa with a coefficient of variation of 0.168. Both properties were obtained
by compressive tests on coupon cylinders of 50mm diameter and 100mm height. Three cylinders were tested for
each property.

The axial force in the columns due to gravity load was imposed by unbonded high-strength PC rods at the
center of the column cross-sections. This axial force was 0.12f.4. for the RC specimen (i.e., 388.8kN for RC18P
and 216.0kN for RC10P specimens) and 0.024f.A4. (i.e., 108.0kN for both specimens) for the PC specimen, where
fc is the nominal compressive strength of concrete and A. is the total cross-sectional area of the column. The axial
force ratio of the PC columns was much lower than that of the RC columns because the PC frame was supposed
to carry only its own weight.

According to the equations in [24] for calculating the flexural strength of RC sections, the lateral strengths,
Vre, of the RC frames in the RC18P and RC10P specimens were estimated to be 586 kN and 545 kN, respectively,
by the plastic analysis with a column hinge mechanism. Meanwhile, the lateral strength of the PC frames, Vpc,
was estimated to be 683 kN by the same analysis but with a beam hinge mechanism. The flexural strengths of the
PC joints were calculated according to the relevant equations in the AlJ standard for PC structures 121, The lateral
strength of the single-bay PC frame alone exceeded that of two bays of the existing RC frame. Details of the
calculation process are included in [17], in which an RC specimen and a PC frame specimen that were supposedly
identical with those in specimen RC18P in the current test were tested separately.

In each specimen, the RC and PC frames were connected through a cast-in-situ RC slab of 30 MPa nominal
concrete strength. The side surfaces of the RC beams were roughened before the slab was casted. Post-installed
chemical anchors and embedded rebars of 13 mm diameter were distributed at 100 mm spacings along the slab-
to-RC beam and the slab-to-PC beam interfaces, respectively, to provide the required shear resistance of the
connection. Although double-layer longitudinal rebars are commonly used for the connection slabs in practical
applications, a single layer of longitudinal rebars of D10 at 100mm interval was provided for the connection slab
in the 1/2-scaled specimens to avoid congestion of rebars.

The shear strength of the connection, ¥y, is predominated by dowel action, which is estimated by Eq. (1)
according to the JBDPA manual for external retrofitting!?”). The in-plane shear strength of the concrete slab itself,
Vs, is estimated by Vs = 0.1fct;Ls according to the same manual. The minimum of the two should exceed the shear

demand for the connection to transfer the restoring force of the PC frame, Vpc.
Va = ¢s-min(0.70,pstsLs, 0.44/EfipstLs) (1)
where ¢ =0.7 is an empirical reduction factor to limit the interfacial deformation to less than 2 mm, oy =295 MPa
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is the nominal yield strength of D13 rebars and anchor bolts, p; = 1.74% is the reinforcement ratio of the
connection interface, f. and E are respectively the nominal concrete strength and the Young’s modulus of the RC
frame, #, = 80 mm is the slab thickness and Ls = 4750 mm is the slab length.

The nominal material strengths were used in the calculation during the design of the specimens. The strength
demands were satisfied for both specimens although the strength safety margin of the RC10P specimen was much
lower than that of RC18P. However, the connection strength, V4, of RC10P specimen would be lower than the
strength demand, which is equal to the lateral strength of the PC frame, Vpc, if the measured average properties of
the materials listed in Table 1 and 2 are used (Table 3). This does not necessarily suggest a connection failure in
specimen RC10P because a reduction factor of ¢=0.7 is applied in by Eq. (1). If this reduction factor is waived,
the connection strength would be 851 kN for RC10P, which exceeds the demand of 771 kN.

Table 3. Strength design of specimens (Unit: kN).

By nominal material strengths By measured material strengths

Va (kN) Vs (kN) Vrc (kKN) Va (kN) Vs (kN) Vrc (kKN)
RCI18P 953 1140 683 1147 1387 740
RC10P 786 1140 683 596 1528 771

Although there is no explicit requirement for the connection stiffness in external seismic retrofitting design
in the Japanese standards, the in-plane stiffness of the slab connection, Kcom, in the current test can be estimated
by Eq. (2), which assumes a series model that considers the localized deformation in the two frame-to-slab
interfaces and the shear deformation of the concrete slab itself (Fig. 4).

PC frame
= ~—3PC frame-to-slab interface, Ky»

| RC slab > Slab 1n-pl}ne shear, K
,»~—>RC framezto-slab interface, K4

RC frame

Figure 4. A series model to estimate connection stiffness
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where Kq1 and Ky are the equivalent stiffness of the frame-to-slab interfaces; K is the elastic shear stiffness of
the concrete slab; Vq is the shear strength of the frame-to-slab interface attributed to dowel actions and is already
given in Eq. (1); &4 is the interfacial deformation at V4 and is assumed to be 2mm for all cases according to the
suggestion in [27] based on past test data; G=E/2/(1+v) is the shear modulus of concrete; v=0.2 is the Poisson’s
ratio; and b—=610mm is the net span of the connection slab.

The connection stiffness estimated by the series model is summarized in Table 4. The results by both the
nominal and measured material properties are listed. For both specimens, most of the flexibility of the connection

comes from the two frame-to-slab interfaces. Taking the nominal results of RC18P for example, the deformation
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in the connection at Vpc=683kN is 2.97 mm, in which 2.87 mm takes place at the frame-to-slab interfaces and the
in-plane shear deformation of the slab is only 0.1 mm. Therefore, the simplistic assumption of & =2 mm at Vg in
Eq. (3) would have significant influence on the estimation of the connection stiffness, Kconn. Since the assumption
is based on limited test results, more data need to be collected to establish a refined model of determining the
interfacial stiffness of concrete interfaces with anchor bolts.

Table 4. Stiffness design of specimens (Unit: kN/mm).

By nominal material properties By measured material properties
Ka K K Keom Ka K Ko Keom
RCI18P  476.5 69044  476.5 230.3 573.4 6722.7 612.2 283.6
RCI0P  396.3 69044  476.5 209.8 298.1 7475.4 612.2 195.2

2.2 Test setup and measurement

The RC frame in each specimen was subjected to in-plane cyclic loading through the test setup in Fig. 5. The
foundation beam of each frame in a specimen was anchored by 16 high-strength PC rods of 23 mm diameter to
two pairs of steel supports below the exterior columns, which were anchored to the strong floor. Two 1000 kN oil
jacks were mounted on both ends of the RC beam to impose lateral deformation. Displacement-controlled loading
was performed throughout the testing, and the two jacks were constantly adjusted to ensure that their forces were
approximately the same, one in compression and one in tension, so that the axial force conditions of the RC beams
are realistic. The loading was very slow at a speed of less than 1 mm/minute. Pantographs were installed on both
ends of loading for out-of-plane stability. In such a manner, the specimen was subjected to an eccentric loading
when the force is transferred to the PC frame through the slab. The loading was controlled by the story drift ratio

of the RC frame and the protocol in Fig. 6 was followed. The story drift ratio, R, is the story drift, A, divided by
the story height of the RC frame, 1060 mm.
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Figure 5. Test setup.
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Figure 6. Loading protocol.

The locations of the load cells and displacement transducers are depicted in Fig. 7. The story shear forces
(V=V1+Vr) in the RC and PC frames were monitored separately by four pairs of load cells between the foundation
beam of the specimen and the strong floor. The shear force in each load cell was obtained by multiplying the shear
strain of a web plate in the load cell with the cross-sectional area of the web plate. The shear strain in each load
cell was monitored by two strain gauge rosettes on both sides of the web plate. The locations of the strain gauge
rosettes are also referred to Fig. 5. The load cells were carefully calibrated before they were installed under the
foundation beam for measuring the shear forces of the frames.

The in-plane displacements in the two translational directions of the center of each beam-to-column panel
zone, (ur, v), (um, vm) and (ur, vr), of both the PC and RC frame in each specimen were measured by displacement
transducers. The story drift, A, was taken as A= (urtur)/2—(usrtusi)/2, where usg and wug are horizontal
displacement of the foundation beam measured on the right and the left side, respectively. The out-of-plane
displacements of the beam-to-column panel zones, wi. and wr, with respect to the respective foundation beams of
the PC and RC frame in each specimen were also measured to monitor the torsional behavior. For the PC
specimens, the rotations, 6, at the beam-to-column and column-to-foundation interfaces were obtained by pairs of
displacement transducers. In addition to displacement transducers, strain gauges were attached to the longitudinal
and transverse rebars in the connection slab. Their specific locations are given later in Figure 14 together with the

strain results.
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Figure 7. Force and displacement measurement.

3 Test results of the RC and PC frames

The hysteresis curves of the two specimens are depicted in Fig. 8(a), both of which are decomposed into a
RC part and a PC part in Fig. 8(b) and (c). In the RC18P specimen, the lateral strength of the PC frame was similar
to that of the RC frame, but the two frames exhibited much different hysteretic behavior, especially in terms of
the unloading branches. The residual deformation of the PC frame was much smaller than that of the RC frame in
the same specimen. Due to the lower concrete strength, the RC frame in the RC10P specimen exhibited much
lower lateral strength than that of the RC18P specimen. In addition, the residual deformation of the RC frame in
the RC10P specimen was approximately two times larger than that of the RC18P specimen. However, the two
specimens exhibited similar overall residual deformation, as seen in Fig. 8(a). This is deemed to have been
attributed to the significant pinching effect during the reloading of the RC frame in the RC10P specimen. A small
restoring force provided by the PC frame would have been adequate to restore the RC frame to its original position
and therefore the residual deformation of the overall specimen was insensitive to that of the RC frame. Further

investigations involving experimental and numerical efforts are necessary to justify this mechanism of the coupled

system.
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Figure 8. Hysteresis curves of: (a) overall specimens, (b) RC frames and (c) PC frames.

An RC specimen and a PC frame specimen that were supposedly identical with those in specimen RC18P in
the current test were subjected to quasi-static loading separately in a previous study by the same authors. The

hysteresis curves are compared in Figure 9(a) and 9(b) for the RC and the PC frames, respectively. The frames



exhibited similar strength and stiffness as compared to their counterparts no matter if they were tested alone or

were connected by an RC slab. The much lower strength and more significant strength deterioration of the stand-

alone RC frame in Ref [17] may be attributed to its lower concrete strengths. In RC18P, the concrete compressive

strength was 17.0 MPa while it was only 14.2 MPa for the stand-alone RC frame specimen!!”],
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Figure 9. Comparison of hysteresis curves of (a) RC frame and (b) PC frame in current test and in Ref [17] in

which RC and PC frame counterparts were tested separately.

The damage to the retrofitted system was concentrated in the existing RC frames and the cast-in-situ

connection slabs. Taking the RC18P specimen for example, the crack development in Fig. 10 shows that the cracks

on the RC frame were concentrated at the column ends and were more widely spread in the beams. Severe cracking

was observed at the column ends at a 1/100 story drift ratio. On the other hand, the PC frame with mild-press-

joints sustained minimum damage, and the crack widths did not exceed 0.1 mm even at a 1/100 story drift ratio.
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Figure 10. Cracks of typical-strength specimen RC18P at (a) R = +1/250 and (b) R =+1/100.
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4 Test results of the connection slabs

The connection slabs also sustained moderate damage during the loading (see Fig. 10), which is also evident
from the equivalent shear stress-shear strain curves of the slabs (Fig. 11). Since the force equilibrium ensures that
the shear force transmitted by the slab is equal to the story shear force in the PC frame, the equivalent shear stress
can be taken as the monitored base shear of the PC frame divided by the longitudinal cross-sectional area of the
slab, 0.38 m?. The equivalent shear strain is taken as the difference in story drifts, A, of the PC and RC frames in
a specimen divided by the span of the slab, 5=610 mm. Although the RC frames in the two specimens were
different in concrete strength, the hysteretic behavior of the slabs (including the slab-to-RC frame interfaces) in
the two specimens was similar. The shear stiffness of the slabs exhibited progressive degradation when the loading
amplitude was increased, however, the 7y relationship was approximately linear in each loading cycle and
indicated negligible energy dissipation and residual deformation. From the skeleton curve of the RC18P specimen,
the equivalent shear strength of the slab is 2.20 MPa in the positive loading direction and 1.93 MPa in the negative
direction. The average value of 2.06 MPa is lower than the shear strengths of the slab concrete, 0.1/=3.65 MPa
for RC18P calculated according to the JBDPA manual for external retrofitting 27,

+1/50 +1/50
5 B0 1250 g
1
5]
% 0
[y
-1
2 T -1/250] x
-1/50 -1/50
-3
-0.015 -0.01 -0.005 0 0.005 0.01 0.015 -90.01 -0005 O 0.005 0.01 0.015
Y Y
(a) (b

Figure 11. Equivalent shear stress z-shear strain yrelationship of specimen (a) RC18P and (b) RC10P.

A curve with a parabolic ascending branch 21 as described by Eq. (3) is used to fit the =y skeleton curve of
specimen RC18P, where 7 is taken as 2.06 MPa and y is determined as 0.0056 by vertical least squares fitting
with the sum of the squared errors R?=0.33. The relatively large error of the curve fitting is primarily because the
skeleton curve is assumed to be symmetric in the positive and negative directions and thus the average shear
strength, 7=2.06 MPa, is presumed, while the test results exhibited different shear strengths in the positive and
negative directions. The fitted curve is compared with the skeleton curves of the equivalent shear stress-shear

strain relationship in Fig. 12.

vl (v 2]
. 2——(—) <
T = sgn(y) 0[ Yo \Yo Iri<v, 3)
To, Yo < 7l

where 1 is the shear strength, j is the shear strain at the shear strength.
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Figure 12. Skeleton curves of equivalent shear stress z-shear strain yrelationship.

According to the fitted curves, the corresponding equivalent shear modulus of the RC slab, Geqo= 2w/ 0, is
737 MPa, which is only approximately 0.068 times the shear modulus estimated by the equations in the AIJ
standard for RC structures > and the measured Young’s modulus of the concrete, but it is of the same order of
magnitude as the equivalent shear modulus corresponding to the estimated connection stiffness, Kcom, in Eq. (2).
As listed in Table 4, Kconn=283.6 kN/mm for RC18P based on the measured material properties. The corresponding
equivalent shear modulus Geqd=Kcombs/Ls/t=455 MPa. This suggests that the series model in Figure 4 is
reasonable, and that most deformation of the connection took place at the slab-to-frame interfaces. It should be
noted that the curve fitting is used herein only to estimate an equivalent shear modulus from the experimental
skeleton curves of the current test. Because of the limited number of specimens, the specific results should be
interpreted with cautions. More tests of various parameters are necessary to further justify the validity of the
analytical model and the corresponding coefficients for the connection stiffness in Eq. (2).

The initial equivalent shear modulus of the RC slab decreased with the increase in the interstory drift ratio,
R, as seen in Figure 13 where the equivalent slab shear modulus, G.q, is depicted for both specimens. The
equivalent shear modulus in each loading cycle is taken as the secant stiffness at the maximum shear strain of the
loading cycle. While the equivalent shear modulus decreases in a similar manner, the initial equivalent shear
modulus, Geq, of specimen RC10P is only 534 MPa.

900

800 | —=— RCI8&P
_D_

200 b RC10P

600 Gega = 455 MPa

500
400

RC18P
(RCI8P)

Equivalent shear modulus G, (MPa)

300 (7T N = S -
200 Geq,d =313 MPa
(RCI10P)
100
0 L L L
0 0. 005 0.01 0.015 0.02

R

Figure 13. Degradation of equivalent shear modulus Geq with increase of R for both specimens.

The connection slab was also subjected to out-of-plane bending, which is evident from the crack pattern of
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the slab as well as the strain of the longitudinal rebars in the slabs. Taking specimen RC18P for example, Fig. 14
shows that the locations of major cracks on the top surface of the slab highly coincide with those on the top surface
of the RC beam. It indicates that the slab was bent out-of-plane together with the beams which were bent by the

frame action when the moment-resisting frame deforms laterally. Because the longitudinal rebars in the slab are

close to the top surface (see Section D-D in Fig. 3), the strain distribution also agrees well with the crack pattern

on the top surface of the slab. In addition, the strain in the transverse rebars was much less than that in the

longitudinal rebars where the out-of-plane bending of the slab is significant. Such out-of-plane bending may

subject the slab-to-beam interfacial anchors to a combined shear force in and out of the slab plane, and therefore

may have an effect in deteriorating the strength and stiffness of the connection. This effect deserves further study.
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Figure 14. Cracks on RC beam, top surface of slab and strain in longitudinal rebars in slab of specimen RC18P

at (a) R=+1/100 and (b) R=-1/100.

Torsion of the specimens was observed during the test although two pantographs were installed at the loading

points for out-of-plane restraint. The torsional ratios of the specimens at the floor level, 6r, are evaluated by the

difference between the measured out-of-plane displacements, wi and wg, for the PC and RC frame separately, that

is, Gr=(wr-wr)/L, where L=5000 mm is the distance between the two out-of-plane displacement transducers (Fig.

15).
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Figure 15. Measurement of torsional rotation of specimens at floor level.

The torsional ratios for both the RC and PC frame, 6r, rc and 6, pc, increased with and is generally one order
of magnitude smaller than the in-plane story drift ratio, R (Fig. 16). Specimen RC18P with a much stronger RC
frame exhibited much less torsion than specimen RC10P. For both specimens, the torsional ratio measured at the
PC side, 6, pc, is generally larger than that at the RC side, 6r, rc, indicating that the connection slabs may have
been subjected to in-plane bending. It would have subjected the anchors to tensile forces in addition to the
bidirectional shear, and the transverse beams at both ends of the connection slab were important to help resist such

in-plane bending.

0.003 0.003
0.002 0.002
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Figure 16. Torsion of specimen (a) RC18P and (b) RC10P.

5 Conclusions

In the two specimens of the current experimental test, precast prestressed concrete frames with mild press
joints (PC-MPJ) were attached to either a normal strength concrete frame or a low strength concrete frame through
cast-in-situ concrete slabs for the purpose of seismic retrofitting. The following conclusions can be drawn from
the results of the cyclic loading test of the two specimens.

(1) The retrofitting method is effective even if the concrete strength of the existing RC frame is below the
lower limit as prescribed by the Japanese standards for seismic retrofitting. The connections of both specimens in
the test were sufficient to transfer the lateral force from the existing frames to the PC frames.

(2) Damage was concentrated in the existing RC frames, and the connection RC slabs also sustained moderate
damage, whereas the PC frames exhibited minimum damage throughout the loading process. In addition to in-
plane shear, the connection slab was also subjected to both out-of-plane and in-plane bending as was evident from
the test observations. The influence of such out-of-plane and in-plane bending of the slab on the performance of

the connection is unknown and deserves further investigation.
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(3) Most deformation of the connection occurs at the separately-cast frame-to-slab interfaces. The connection
stiffness decreased rapidly with the increase in the lateral drift of the frames. A series model that considers the
interfacial deformation according to the current Japanese standards can provide a practical basis for estimating
the equivalent stiffness of the connection. However, further experimental investigations are required to calibrate

the equivalent in-plane stiffness of RC slabs and the stiffness of concrete-to-concrete interfaces with anchor bolts.
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