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Abstract: A precast prestressed concrete frame system with mild press joints is introduced for the seismic retrofit 

of existing reinforced concrete frames. Cyclic loading tests are conducted on precast prestressed concrete and 

cast-in-situ reinforced concrete frame subassemblies to investigate the hysteretic behavior and damage 

characteristics of the frames. The test results demonstrate the damage-tolerance of precast frames in terms of well-

controlled cracking and minimized residual drift compared to monolithic RC frames. A simplified numerical 

model is introduced to simulate the hysteretic behavior of mild press joints. The dynamic seismic response of a 

prototype building retrofitted by the proposed method is evaluated by numerical analysis. Two retrofit plans with 

different attached precast frames are compared. The results suggest that a partial retrofit of certain lower stories, 

which has been a common practice in Japan, may create drift concentration in the upper stories of a building.  

Keywords: post-tensioned strand, seismic retrofit, damage control, mild press joint, self-centering, drift 

concentration 

 

1 Introduction 

Precast prestressed concrete (PC) structures that use post-tensioned (PT) strands to connect precast concrete 

elements have been developed as an effective way of improving the seismic performance of precast structures 

while retaining the intrinsic advantages of precast construction such as quality control, rapid construction and 

resource savings. In contrast to conventional ideas of emulating cast-in-situ reinforced concrete (RC) systems by 

equivalent monolithic connections, PC frame structures feature dry connections that can sustain large inelastic 

deformation without excessive damage and exhibit much less residual deformation when unloaded [1]. In the 

1990s, a variety of beam-to-column joints for PC construction were explored within the scope of the PRESSS 

program in the U.S. In a PC frame structure, debonding of PT strands was recommended only through the joint 

and for a certain distance on both sides of it [2]. It is primarily for the concern of progressive collapse in the 

unlikely event of anchorage failure, although the use of fully unbonded PT strands favors larger elastic 

deformation capacity. 

In follow-up research, new types of joints have been proposed to address primarily two concerns. One is to 

improve the energy dissipation capacity of beam-to-column joints. The use of various devices has been proposed 

and tested in experimental studies to this end, such as fan-shaped friction dampers, web friction devices, angle 

steel on top of the beams and replaceable unbonded steel rods. The other is to avoid local damage to the concrete 

at the joint. Under the damage avoidance design concept, steel angles and plates of various detail were proposed 

to armor the precast concrete beams and columns [3]. Such armoring has become a common practice in later 

experimental studies [4]. In addition to concrete construction, the concept of post-tensioned beam-to-column 

joints is also introduced to steel moment resisting frames in seismic areas [5]. 

Although it has been developed primarily for use in new construction, the PC system also lends itself to 

seismically retrofitting existing buildings in light of the damage-tolerance of PT joints and the intrinsic advantages 
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in construction quality and speed. Whereas it is hardly possible to convert a conventional RC frame into a 

prestressed one, it was proposed in Japan to attach new PC frames from outside existing RC structures for seismic 

retrofitting purposes. The PC frames are expected to add to the lateral stiffness and strength of the existing building 

and to improve the self-centering capacity so that both the maximum and residual lateral deformation, and thus 

the seismic damage to the existing building, can be reduced. At the same time, the PC frame itself will sustain 

minimum if any damage. Since the PC frame is attached outside the existing building and most construction can 

be done without entering, it is not necessary to suspend the occupancy or displace the building contents during 

construction. This usually leads to significant economic efficiency, which has been well demonstrated in past 

retrofitting projects with externally attached frames [6]. In applications for residential buildings, attaching bare 

frames is usually preferred over braced frames in favor of a neat window view.  

This paper aims at evaluating the seismic performance of an existing RC frame retrofitted by an attached PC 

frames and understanding the collaborative mechanism between the two frames when they are combined. 

Experimental tests are first carried out on PC and RC frame specimens separately. Numerical models are then 

employed to assess the seismic performance of the building before and after the retrofit.  

2 The mild press joints 

Among the many available PC systems developed in the past decades, the PC frame with mild press joints 

(MPJs) is considered in the present study. The MPJ was first proposed and experimentally tested in the early 

2000s[7]. Whereas it shares the basic principles of a ductile joint for PC frames first developed under the PRESSS 

program, it is different in primarily the following three aspects.  

(1) The beam and column elements are made of prestressed concrete of primary tendons and are connected 

together by secondary tendons (Figure 1). Unlike the primary tendons, the secondary tendons are usually 

prestressed to only approximately 40% to 50% of the nominal yield strength. Since the early days of PC frame 

research, it has become a consensus that the prestress level in the PT tendons across the joints should be much 

lower than inside a conventional PC element to allow for larger elastic deformation at the joint. In the past 

experimental tests, the prestress ratio was generally between 0.33 and 0.5 [3]. 

 

Figure 1. Configuration of PC frame with mild press joints. 
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PT tendons across an MPJ would spread within a certain distance because of bond-slip behavior. Test results 

showed that the PT strands would remain in the elastic regime up to a 4% inter-story drift ratio [7]. As noted by 

previous researchers, a structure of bonded PC strands is considered much more robust than one with unbonded 

strands. In addition, grouting the sheath duct would provide higher resistance to rust. 

(3) For beam-to-column joints, concrete corbels are provided on the precast columns for easy construction 

and a more reliable transfer of the beam’s gravity load to the column (Figure 1). It is interesting to note that 

although the PRESSS program has favored a shear transfer mechanism based on pure friction without permanent 

corbels, the later developed Brooklyn system adopted a permanent steel corbel for the shear transfer because the 

pure friction idea was penalized by major design codes as well as by common practice of design engineers [8].  

Although there is no particular height limit, the application of PC frames with MPJs for the seismic retrofit 

is preferred for low- and medium-rise RC frames. In practice, this retrofit method has been applied to RC frames 

of up to 10 stories in Japan. 

3 Experimental test programs 

A typical existing residential building in Japan is selected as the prototype for the design of the test specimens 

and the numerical evaluation. It is an 8-story RC frame building constructed in 1972 in Tokyo. It has 12 spans of 

5.55 m width and a single span of 7.62 m width in the longitudinal and transverse directions, respectively. The 

heights of the bottom and top stories are 3.1 m and 2.95 m, respectively and the story height of other middle stories 

varies between 2.65 to 2.75 m. The total height of the building is 22.85 m (Figure 2). The width of the RC column 

cross sections in the transverse direction is 700 mm through the height of the building and depth in the longitudinal 

direction varies from 750 mm at the bottom story to 550 mm at the top story. The overall reinforcement ratio (the 

ratio of the cross-section area of all rebar to that of the concrete) varies from 1.77% at the bottom story to 0.94% 

at the top story. The RC beam cross section varies from 800 mm by 450 mm with approximately 1.0% tensile 

reinforcement ratio at the bottom story to 600 mm by 300 mm with approximately 0.6% tensile reinforcement 

ratio at the upper stories. The material tests on the concrete cores taken from the existing structure showed that 

the concrete compressive strength ranges from 18.5 MPa to 25.8 MPa. 

According to the simplified evaluation method in the Japanese provisions for a seismic retrofit of existing 

RC structures [9], the seismic capacity of the lower four stories of the prototype is insufficient. Routine 

calculations show that a single-bay 4-story PC frame as shown in Figure 2(a) (Retrofit Plan I) would provide 

adequate lateral strength to the existing RC frame to satisfy the requirement of the seismic retrofit provisions. For 

comparison, a Retrofit Plan II is conceived, in which the attached PC frame extends to the top of the building 

(Figure 2(b)). In both cases, the nominal concrete compressive strength of the PC frame is 50 MPa.  

The added PC frame is connected to the existing RC frame through cast-in-situ RC slabs at each floor level 

(Figure 3). Post-installed chemical anchors and embedded rebars are distributed along the slab-to-RC beam and 

the slab-to-PC beam interfaces, respectively, to provide the required shear resistance of the connections, whereas 

the large in-plane shear stiffness of the concrete slabs ensure the newly-added PC frame to deform laterally 

together with the existing RC frame when subjected to earthquake actions. Meanwhile, transverse RC beams are 

cast at the beam-to-column joints to strengthen the connecting slabs, and more importantly, to enhance the 

rotational constraints between the beam-to-column joints of the PC and RC frames. 

An RC and a PC specimen, both of which are approximately 1/2-scale two-span single-story frame sub-

assemblages (Figure 4), are prepared to represent part of the first story of the existing RC frame and the externally 

attached PC frame of the prototype building, respectively. The RC specimen represents both bays of the existing 

frame along the longitudinal direction of the prototype using combined cross sections. The dimensions and 

reinforcement of both specimens are shown in Figures 5 and 6. For symmetry, only half of the specimen is shown 
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in the figures. The foundation beams are the same for both specimens. 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 is 0.12fcAc for the RC specimen and 0.024fcAc for the PC specimen, where fc is the nominal compressive 

strength of concrete and Ac is the total cross-sectional area of the column. 

 

 

Figure 2. Structural layout of prototype structure (unit: m). 
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Figure 3. Details of PC-to-RC frame connections: (a) connecting slab and (b) connecting beam. 

 

 

Figure 4. Isometric drawing of specimens. 

 

 
Figure 5. Dimensions and reinforcement of RC specimen. 

 

 

Figure 6. Dimensions and reinforcement of PC specimen. 
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In the PC frame, the precast beams are compressed against the precast columns by two units of strands, each 

containing two 12.7 mm diameter high-strength PT strands (nominal yield strength of 1580 MPa). The precast 

columns are connected to the foundation beam by four 17 mm diameter high strength PC rods (nominal yield 

strength of 1080 MPa). During construction, the precast beams and columns are first erected in place. The PT 

strands and PC rods are then put inside sheath ducts and the intended gaps of the beam-to-column and column-to-

foundation joints are filled with high-strength grout. After the strength of the joint grout is deemed higher than 

that of the precast concrete, both the PT strands and PC rods are post-tensioned to 50% of their respective nominal 

yield strength, that is, 78 kN per PT strand and 125 kN per PC rod. This gives 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 is filled with grout 

after the prestressing.  

According to the equations in [9], the yield moment of the RC beams of the combined cross sections in the 

RC specimen is approximately 168 kNm, which is about twice the yield moment of the RC columns, Mc,RC=85 

kNm, in the same specimen, so that the RC specimen is likely to develop a column-sway mechanism (Figure 7(a)). 

By plastic analysis, the corresponding lateral strength VRC=6Mc,RC/H’=586 kN, where H’=0.87 m is the clear 

height of the RC specimen. On the other hand, the PC specimen is designed to develop a more preferable beam-

hinge mechanism (Figure 7(b)). Thus, the lateral strength of the PC specimen VPC = (4Mb,PCL/L’+3Mc,PC)/H = 683 

kN, where Mb,PC = 91 kNm and Mc,PC = 107 kNm are the yield moment of the PC beam and column of the MPJs, 

respectively; H=1.075 m is the distance from the top surface of the foundation beam to the PC beam axis and L’ 

= 2.2 m is the clear span length of the specimen. The yield moment of the MPJs is calculated by the equations in 

[10]. The lateral strength of the single-bay PC frame alone exceeds that of two bays of the existing RC frame. The 

measured concrete and steel properties of the test specimens are listed in Tables 1 and 2, respectively.  

 

 

Figure 7. Conceived plastic mechanisms for specimens. 

 

Table 1. Material properties of concrete 

 RC frame PC frame 
Nominal compressive strength (MPa) 18 50 
Tested compressive strength (MPa) 14.2 51.4 
Tested Young’s modulus (103MPa) 25.8 37.3 

 

Table 2. Material properties of steel by mill sheet 
ID Nominal diameter 

(mm) 
Grade Yield strength 

(MPa) 
Tension strength 

(MPa) 
D10 10 SD295A 370 512 
D13 13 SD295A 379 517 
D19 19 SD295A 398 579 
f13 PC rod 13 SBR930/1080 1366* 1455 
f17 PC rod 17 SBR1080/1230 1227* 1285 
f12.7 strand 12.7 SWR7BL 1934* 2058 

* Strength corresponding to 0.2% offset 
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3.3 Test setup and measurement 

The specimens were subjected to in-plane cyclic loading through the test setup in Figure 8. The foundation 

beam of the specimen was anchored by 16 high-strength PC rods of 23 mm diameter to two steel supports below 

the exterior columns, which were anchored to the strong floor. Pantographs were used for out-of-plane stability. 

Two 1000 kN oil jacks were mounted on both ends of the beam to impose approximately the same horizontal 

force, one in compression and one in tension, to drive the specimen to deform laterally. The loading was 

controlled by the story drift ratio and the protocol in Figure 9 was followed. The story drift ratio, R, is the story 

drift, , divided by the story height, which is 1060 mm for the RC specimen and 1075 mm for the PC specimen. 

 

 

Figure 8. Test setup. 

 
Figure 9. Load protocol. 

 

The locations of load cells and displacement transducers are summarized in Figure 10. The lateral force was 

measured by the load cells installed in series with the jacks (PL and PR). The corresponding reaction force was 

measured at the two steel supports (VL and VR). As the results show, PL + PR is approximately the same as VL+VR. 

The latter is taken as the story shear V, hereinafter. The displacements in the two translational directions of the 

center of each beam-to-column panel zone, (uL, vL), (uM, vM) and (uR, vR) were measured by displacement 

transducers. The story drift, , is taken as = (uR+uL)/2−(usR+usL)/2, where usR and usL are horizontal displacement 

of the foundation beam measured on the right and the left side, respectively. For the PC specimens, the rotations, 

, at the beam-to-column and column-to-foundation interfaces are obtained by pairs of displacement transducers.  
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Figure 10. Force and displacement measurement. 

4 Test results 

The relationships of story shear, V, and inter-story drift ratio, R, for the two specimens are compared in Figure 

11(a). They exhibited similar skeleton curves except that the RC specimen sustained more significant strength 

deterioration after reaching the maximum story shear. The PC specimen exhibited a flag shaped hysteresis with 

much smaller residual deformation than the RC specimen, especially when the peak story drift ratio is beyond 

1/100 (Figure 11(b)).  

The damage-tolerance feature of the PC frame is well demonstrated by the crack distribution as shown in 

Figure 12. Obvious flexural cracks were observed on the columns and beams of the RC specimen at a 1/250 inter-

story drift ratio, whereas the deformation was primarily concentrated at the mild press interfaces of the PC 

specimen and the cracks on the precast members were negligible. When the inter-story drift ratio reached 1/100, 

significant flexural cracks were observed near the column ends of the RC specimen. The strain readings on the 

longitudinal rebar of the columns confirmed the yielding of the column end sections. On the other hand, the precast 

concrete columns and beams of the PC specimen remained essentially elastic, although flexural cracks were 

observed near the joints.  

 

 

Figure 11. Behavior of PC and RC specimens in terms of (a) hysteresis curves and (b) residual deformation. 
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Figure 12. Crack distribution on (a) RC specimen at ±1/250 story drift ratio; (b) PC specimen at ±1/250 story 

drift ratio; (c) RC specimen at ±1/100 story drift ratio and (d) PC specimen at ±1/100 story drift ratio. 

 

In the two-span specimens, the beams were constrained by the columns when the MPJ interfaces opened. 

The constrained expansion of the beams would push the columns outwards and thus result in different MPJ 

rotations at the two exterior ends of the beams, B1 and B4 (Figure 13). In the positive loading direction, the right-

hand end rotation, B4, is larger than the left-hand B1, and vice versa. The constraining effect may introduce 

additional axial compressive force in the beams and thus change the behavior of an MPJ. 

 

 

Figure 13. Beam expansion in the PC specimen. 
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simulated by finite element models of the same mesh as shown in Figure 14. A nonlinear rotational spring of 

predetermined hysteretic behavior determined by a basic hysteretic curve for the specific MPJ and a set of rules 
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Figure 14. Finite element model for the PC specimen. 

 

The basic hysteretic curve of an MPJ is defined by the moment-rotation coordinates of a series of 

characteristic points (Figure 14) that correspond to physical phenomena during the loading and unloading of an 

MPJ such as the start of an interface opening, the yield of PT tendons and the maximum moment of the joint. The 

basic hysteretic curves of MPJ interfaces with different properties are calculated separately by sectional analysis 

incorporating the plane section assumption and sectional force equilibrium (Figure 15(a)). The uniaxial hysteretic 

behavior of the concrete layers in the section is defined by the Kent-Scott-Park model [12] for the skeleton curve 

and the hysteretic rules proposed by Yassin [13]. It mimics the Concrete02 model in OpenSees [14]. For the 

skeleton curve, the stress is assumed to not decrease after reaching the compressive strength in order to 

approximately take into account the significant confinement near the mild press interface [15]. To calculate the 

concrete strain from the deformation determined by sectional deformation compatibility, it is assumed that c = 

0.4Dc for beam-to-column joints and c = 0.8Dc for column base joints, where c and c are the concrete 

deformation and strain, respectively, and D is the depth of the component. 

 

 
Figure 15. Sectional analysis for MPJ: (a) Deformation and strain distribution on mild press interface and (b) 

strain distribution in PC strands during loading and unloading. 
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in [20] and [9], respectively. The exponent that defines the unloading stiffness is taken as 0.8 in the Takeda model.  
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The simulated and test hysteretic curves of the two specimens are compared in Figure 16. For the RC 

specimen, the initial stiffness and yield deformation are well captured by the numerical model whereas the strength 

and its deterioration are not well simulated. In addition, the estimated residual deformation is larger than that in 

the test because the unloading behavior is greatly simplified in the Takeda model. For the PC specimen, the 

numerical model successfully estimated the initial stiffness, softening, strength deterioration and unloading 

behavior, although the post-opening stiffness is higher than in the test.  

 

 
Figure 16. Hysteretic curves of (a) RC specimen and (b) PC specimen. 

 

The above numerical model is used to evaluate the seismic performance of the prototype building before and 

after the retrofit (Figure 2). The existing RC frame is condensed into a single bay of the planar frame and is 

assumed to be connected to the PC frame with either rigid or linear elastic links that constrain both the horizontal 

translational and rotational degrees of freedom (DOFs) of corresponding nodes at each floor level. Three cases of 

different assumptions for the connecting stiffness are conceived to investigate the effect of connection flexibility 

on the performance of the retrofitted building (Table 3).  

 

Table 3. Cases for connecting stiffness assumptions 

 Case A Case B Case C 

Horizontal translational stiffness, kS Infinite (Rigid) Infinite (Rigid) Eq. (2) 

Rotational stiffness, kR Infinite (Rigid) Eq. (1) Eq. (1) 

 

In Case A, rigid connection assumption is applied to both horizontal translational and rotational DOFs of 

corresponding nodes at each floor level. In Case B, it is assumed that the connecting slab presents a rigid 

connection for the horizontal translational DOFs while the rotational DOFs are constrained by the torsion of the 

connecting RC beam (see Figure 2 and 3). The rotational stiffness, kR, is calculated by Equation (1). 

𝑘ୖ =
𝛽𝐺௖𝑏

ଷℎ

𝐿ୠ
 

(1) 

where =1.41 is the shape factor for rectangular section; Gc is the shear modulus of concrete; b and h are the 

breadth and height of the cross section of the connecting beam; Lb is the net span length of the connecting beam. 

 

In Case C, the translational stiffness is assumed to be the in-plane shear stiffness, kS, of the connecting slab, 

which is calculated by Equation 2, while the rotational stiffness is still calculated by Equation 1.  
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𝑘ୗ =
𝛼𝐺௖𝐿ୱ𝑡

𝐿ୠ
 

(2) 

where  is a reduction factor to consider the cracking of the slab and is taken as 1/2 herein; Ls is the tributary 

length of the connecting slab in the neighborhood of a joint; t is the slab thickness. 

 

The cyclic responses of the prototype building before and after the retrofit under static lateral loads are 

compared in Figure 17. In both retrofit plans I and II, the retrofitted buildings exhibit similar base shear-lateral 

drift relationships, so only the results for Retrofit-II are illustrated. They exhibit much higher initial stiffness and 

strength than the existing RC frame, and the residual lateral drift is significantly reduced. In addition, the flexibility 

of the PC-to-RC connection has negligible effect on the static cyclic behavior of the retrofitted frames up to 1% 

lateral drift ratio. At larger displacement, the rotational flexibility exhibits significant impact on the hysteretic 

curves as is shown by the difference between Retrofit-II-A and B in Figure 17, while it is shown that the effect of 

translational flexibility of the connection remains negligible by comparing Retrofit-II-B and C.  

 

Figure 17. Static cyclic loading analysis of prototype building before and after retrofit. 

A suite of seven ground motions is selected from the PEER strong motion database [21] for time history 

analysis. All records are scaled to have PGV = 50 cm/s, which commonly corresponds to a Level II intensity for 

seismic evaluation of buildings in Japan. The velocity spectra and basic information are given in Figure 18. In the 

time-history analysis in PC-ANSR, the implicit integration scheme of Newmark- method with =1/4 is adopted. 

A stiffness-proportional damping of 2% critical damping of the 1st mode is assigned. 

 

Earthquake Station 
PGA PGV 
(g) (cm/s) 

1992 Landers JOS 0.28 43.4 

1994 Northridge ORR 0.51 52.2 

1995 Kobe HACH 0.27 47.7 

1999 Duzce BOL 0.73 56.4 

1999 Chi-Chi CHY034 0.31 48.5 

2008 Sichuan WCW 1.02 47.9 

2011 Touhoku TCG006 0.37 50.7 

    
 

Figure 18. Velocity spectra when scaled to PGV=50 cm/s (5% damping) and information of selected ground 

motion records. 
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The existing RC frame exhibits a concentrated lateral drift at its bottom story for most ground motion records 

with the exception of a WCW record, under which the maximum inter-story drift takes place at the 5th floor. Under 

four of the seven records, the maximum story drift ratio, max, of the existing building exceeds the 0.02 limit for 

Level II intensity (Figure 19(a)). By Retrofit-I, the story drift of the bottom four stories is effectively suppressed. 

However, the 5th floor becomes a new likely location for drift concentration (Figure 19(b)). By Retrofit-II, in 

which the attached PC frame extends through the whole height of the building, the story drift is much more evenly 

distributed for all the records (Figure 19(c)). As compared to Retrofit-II-A in which the PC-to-RC connection is 

assumed to be rigid, Retrofit-II-B exhibits slightly larger max (Figure 19(d)). As a shown in Figure 19(e), the 

maximum max takes places at the 5th story for both cases of Retrofit-II A and C and is increased from 0.85% to 

1.01% by eliminating the rigid connection assumption.  

 

 
Figure 19. Maximum story drift ratio of prototype building: (a) before, (b) retrofitted with Plan I and rigid 

connection (case A), (c) retrofitted with Plan II and rigid connection (case A), (d) retrofitted with Plan II and 

connection case C and (e) averaged maximum story drift ratio. 

 

The distributions of maximum inter-story residual drift, R,max are similar to those of maximum inter-story 

drift. The maximum residual drift of the existing frame exceeds the 0.005 limit under four out of seven ground 

motion records. Again, Retrofit-I is successful in eliminating the residual drift in the lower 4 stories but the upper 

stories exhibit unfavorably large residual drift. With both Retrofit-II-A and C, the residual drift becomes negligible 

for all stories (Figure 20). By these results, it is deemed necessary to evaluate the possibility of such drift 

concentration by time history analysis in retrofit practice, or the PC frame should extend to the full height of the 

building even though the upper stories may be judged adequate by the current seismic retrofit provisions in Japan.  
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Figure 20. Residual story drift ratio of prototype building: (a) before, (b) retrofitted with Plan I and rigid 

connection (case A), (c) retrofitted with Plan II and rigid connection (case A), (d) retrofitted with Plan II and 

connection case C and (e) averaged maximum residual story drift ratio. 

6 Conclusions 

The use of attached PC frames with MPJs for seismically retrofitting existing RC frames is investigated 

through both tests and numerical simulation. The following conclusions can be drawn.  

(1) The PC frames with mild press joints sustain insignificant damage up to a 1/100 inter-story drift ratio. 

The deformation is mainly attributed to the opening of the MPJ interfaces. The residual deformation is much 

smaller than in an RC frame.  

(2) The numerical model with localized rotational springs based on simplified sectional analysis for the MPJ 

interface can approximately simulate the hysteretic behavior of the PC frame.  

(3) Both the maximum and residual story drift of the existing prototype RC frame are significantly reduced 

at the stories where a PC frame is attached. However, unfavorable drift concentration may take place at the upper 

stories if the PC frame is only attached to some lower stories.  

(4) The flexibility of the PC-to-RC frame connections has an effect on both the maximum and residual 

deformation of buildings retrofitted by PC frames. Further experimental study is necessary to better estimate the 

connection stiffness. 
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