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ABSTRACT: This study evaluated the seismic performance of a clamped split pocket mechanism (CSPM) as a 
beam-column joint system for a prefabricated instant steel house. The CSPM utilizes a plug-and-play connection 
system with preloaded bolts, eliminating the need for on-site welding during assembly. Two full-scale CSPM 
specimens were examined for their stiffness, hysteretic behavior, skeleton curves, ductility, and failure modes 
using cyclic loading tests. The results indicated that the CSPM specimens exhibited a hysteretic response shape 
that appeared as a reverse S-shaped curve with pinching in the middle. Plastic deformation was formed through 
inelastic local buckling in the split pocket, which was crucial in absorbing seismic energy, effectively preventing 
brittle failure, and thereby reducing damage to the joint system. According to the criteria of AISC 341-16, the 
CSPM specimens were classified as partially restrained (PR) and ordinary moment frames (OMF) as their moment 
capacity did not surpass 0.8Mmax at a rotation angle of 0.02 rad despite exhibiting adequate and stable lateral 
resistance in positive and negative loading directions up to 0.04 rad. This objective can be achieved with the 
condition that the beams and columns remain undamaged. Finally, the CSPM proved to be a reliable prefabricated 
beam-column joint system for a one-story instant steel house. 
 
Keywords: Prefabricated Instant Steel House, Seismic Performance, Cyclic Loading, Bolts Preload, Post-Disaster 
Housing 
 
1. INTRODUCTION 
 

According to data from the National Disaster 
Management Agency (BNPB), earthquakes have 
inevitably occurred in regions classified as natural 
disasters in Indonesia for the past ten years. These 
include the Cianjur Earthquake (magnitude 5.6) in 
November 2022, which caused damage to 56,311 
houses; the Palu Earthquake (magnitude 7.4) in 
September 2018, which damaged 68,451 houses; and 
the Lombok Earthquake (magnitude 7.0) in August 
2018, which damaged 32,129 houses. Most of the 
damaged houses were attributed to poor construction, 
such as using brittle materials, inadequate 
reinforcement, and improper structural element 
configuration [1, 2]. After the earthquake, numerous 
houses became uninhabitable, thereby threatening the 
safety of inhabitants. This made the availability of 
decent housing with sufficient seismic resistance a 
major challenge during post-disaster reconstruction. 

Prefabricated steel houses offer a viable solution 
to this problem, combining the speed of construction 
with the necessary seismic resistance to ensure safe 
and adequate housing during post-disaster 
reconstruction [1]. The prefabrication process offers 
notable advantages over traditional construction 
techniques, such as cost and time savings, improved 
quality control, and decreased dependence on skilled 
labor [3–5]. The advantages can be accomplished if 
all the main prefabricated structural components can 
be easily assembled through a simple connection 
design with accessible components and off-site 

welding [6, 7]. Furthermore, studies have shown that 
the connection design plays a crucial role in the 
seismic performance of prefabricated steel structures 
[8–10]. Therefore, developing simple steel 
connections with off-site welding that exhibit robust 
seismic performance is crucial. 

Numerous studies have been conducted to 
investigate prefabricated steel connections that could 
be welded off-site. Bazarchi et al. [3] proposed a new 
male-female type interlocking connection with a tie 
plate and off-site welding to reduce the required on-
site effort. However, a large slip occurred in the male-
female components due to the removal of the uplift-
constraining element. Zhang et al. [11] identified 
construction and performance flaws in existing 
modular connections, such as poor connectivity 
between modules and overly complex connecting 
mechanisms, which failed to meet seismic 
requirements. To mitigate these issues, they proposed 
a seismic retrofit solution involving self-centering 
haunch braces that effectively controlled damage and 
reduced deterioration in global strength. Cabaleiro et 
al. [12] investigated the behavior of steel joints using 
girder clamps in reconfigurable building structures, 
considering the amount of preload applied to the 
bolts. Their findings indicated that increasing the 
preload of bolts can considerably reduce joint 
deformation. Luo et al. [13] suggested a beam-to-
column connection for steel-framed building modules 
using rectangular hollow sections and square hollow 
sections. Their study found that welded connections 
have high rotational stiffness and moment capacities 
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but exhibited brittle failure, whereas adding an end-
plate stiffener improved stiffness, strength, and 
ductility. Chen et al. [14] introduced a novel 
connection design, incorporating a plug-in device and 
a long stay-bolt system at the ends of the beams with 
diagonal stiffeners. The experimental findings 
indicated that adding stiffeners effectively enhanced 
the load-bearing capacity, whereas the plug-in device 
facilitated easy assembly and eliminated on-site 
welding.  

The easily assembled prefabricated steel structure 
can be improved on-site by employing the male and 
female connection method, incorporating hollow 
section elements. Fajar et al. [1] proposed a more 
straightforward clamped pocket mechanics using a 
mechanism of the male and female components of a 
circular hollow section. The proposed clamped 
pocket mechanics could resist sufficient friction-
tension load because the pocket component gripped 
the beam and column using a clamping method 
induced by the bolt preloads. Ma et al. [15] developed 
a novel modular connection that allows ceiling and 
floor beams to fit naturally, eliminating the gap that 
caused the asynchronous movement of the twin 
beams. Their studies revealed that gaps between 
components and welding quantity were significant 
factors in overall joint behavior. Nadeem et al. [16] 
addressed the necessary workspace between 
construction modules, introducing a self-locking joint 
for modular steel structures. Although this solution 
effectively handled the bending moment at the joint, 
it led to shear stress on the male components due to 
load bearing. Khan and Yan [17] developed a novel 
prefabricated bolted joint for hollow structural 
sections (HSS) that exhibited adequate ductility. 
Nevertheless, the HSS column faced bearing failure 
against the beam bolts due to bending under 
quasistatic loading. 

This study proposes a new beam-column 
connection, called clamped split pocket mechanism 
(CSPM), to address the limitations of existing 
prefabricated steel connections for earthquake-
resistant instant house structures. The CSPM utilizes 
a plug-and-play connection system in which the beam 
and column fit into pockets, thereby eliminating the 
need for on-site welding. Afterwards, the beam and 
column are restrained using a clamping mechanism 
induced by preloaded bolts. To facilitate easy 
assembly, the column’s pocket was split, and 
additional space was provided in other pockets to 
facilitate easy insertion of beams. Two experimental 
full-scale cyclic loading tests were conducted to 
evaluate the seismic performance of CSPM, 
encompassing stiffness evaluation, hysteretic 
behavior, skeleton curves, ductility performance, and 
failure modes while considering the effects of 
bending axis and splitting. 

2. RESEARCH SIGNIFICANCE 
 

The discussion above shows that the focus of 
previous studies on prefabricated steel connections 
has been mainly on modular buildings with relatively 
complex connection designs. However, there is a lack 
of research on prefabricated steel connections 
designed for post-disaster reconstruction with 
sufficient seismic resistance to withstand 
earthquakes, which is crucial to accelerate the 
fulfillment of the massive housing needs during post-
disaster reconstruction. Therefore, there is an urgent 
need to address the specific requirements of such 
structures. 

 
3. STRUCTURE OF THE CONNECTION  
 

The CSPM connection system was critical for 
assuring the excellent seismic performance of 
prefabricated instant steel house structures. As 
depicted in Fig. 1, it could be implemented in the 
structure of a prefabricated instant steel house. The 
primary components of CSPM consisted of a double-
lipped channel column, double-lipped channel beam, 
pocket, split pocket, clamp, stiffener, and preloaded 
bolts, as shown in Fig. 2. The beam and column 
utilized a double-lipped channel section (DLCS) 
configuration consisting of two-lipped channel 
sections joined together using welding spots at 
specific intervals. The pocket was a modified square 
hollow section (MSHS) designed to maintain an 
optimal space between the pocket and the beam. In 
contrast, the split pocket had a square hollow section 
divided into two parts, with its flanges modified, 
creating a C-shape section (CSS). The clamps 
attached to the pocket component were made from an 
angle section with standard-sized bolt holes. 
 

 
 

Fig. 1 Typical prefabricated instant steel house with 
the CSPM connection system 
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Fig. 2 The components of the CSPM connection system 
 
The corner where the pocket and split pocket met was 
strengthened by a stiffener made from a steel plate. 
These components were prefabricated and welded 
together at the factory, and on-site assembly was 
possible using preloaded bolts. 
 
4. EXPERIMENTAL DESIGN 
 
4.1 Design of Specimens and Parameters 
 

The seismic performance of CSPM was assessed 
using two test specimens. In one specimen, the DLCS 
was loaded along its strong axis, whereas in the other, 
it was loaded along its weak axis. Table 1 presents the 
detailed parameters for CSPM specimens. The 
sectional dimensions of CSS were 90 mm (depth, hc) 
× 40 mm (flange width, bc) × 1.65 mm (thickness, tc) 
and 100 mm (depth, hc) × 40 mm (flange width, bc) × 
1.65 mm (thickness, tc) for the strong and weak axes, 
respectively. These dimensions were created 
differently, thereby allowing a split pocket to fit the 
column for each bending axis. Steel column and steel 
beam sections were DLCS with sectional dimensions 
of 95 mm (depth, hd) × 80 mm (width, bd) × 10 mm 
(lip length, ld) × 1.9 mm (thickness, td). The pocket 
section was an MSHS with dimensions 100 mm 
(depth, hm) × 90 mm (width, bm) × 1.65 mm (thickness, 
tm). A gap was present between the pocket and beam-
column cross-section to facilitate assembly. To 
ensure that the pocket could still grip when subjected 
to a preload, a slit was provided on the pocket with a 
slit width greater than the gap width. This allowed the 
pocket to grip the beam and column securely. High-
strength bolts with a diameter of 10 mm were used in 
all specimens. Except for the bolts, all components of 
the CSPM connection were coated with steel paint to 
ensure consistency. Furthermore, Fig. 3 provides the 
dimensions of other components associated with the 

CSPM connection, and Fig. 4 illustrates the specific 
dimensions of the CSPM specimens along the strong 
and weak axes.  

 
4.2 Material Properties 
 

The coupon specimens were extracted from two 
steel sections: MSHS and DLCS. These steel sections 
were made from hot-rolled mild steel, using the same 
batch of steel plates for their production. The 
dimensions of the coupon specimens followed the 
guidelines specified in JIS Z 2241 [18], which 
outlines the procedure for conducting tensile tests on 
metal. Each type of steel had two coupon specimens, 
resulting in four samples. The coupon tests were 
conducted, which yielded the stress-strain data. Fig. 8 
depicts that the stiffness degradation of specimens 
CSPM-1 and CSPM-2 showed the same trend. The 
stiffness curve took on a curvilinear form, where the 
stiffness decreased linearly at the beginning, forming 
a curve at a certain rotation angle. Nonetheless, the 
stiffness between the positive and negative directions 
at the beginning of the linear phase had different 
values in both specimens. Specifically, the stiffness in 
the positive direction was lower than the negative 
direction at a rotation angle, presenting the average 
material property values obtained from the testing, 
including the yield strength ( 𝑓𝑓𝑦𝑦 ) and the tensile 
strength (𝑓𝑓𝑢𝑢). 
 
4.3 Test Setup and Loading Protocol 
 

All experiments were conducted by placing the 
test specimens in a horizontal position Fig. 5. depicts 
the loading configuration of the test setup. The testing 
apparatus consisted of the specimen, 250-kN 
horizontal actuator, load cell, linear variable 
differential transformer, pin supports, and concrete 
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Table 1. Parameters of the specimens 
 

Specimen Bending 
axis 

Beam and 
column (mm) 

Pocket Split pocket 
Stiffener 

(mm) 

Bolt 

Section (mm) Length 
(mm) 

Section 
(mm) 

Length 
(mm) 

Diameter 
(mm) 

Preload 
(kN) 

CSPM-1 Strong DLCS 95 × 80 
× 10 × 1.90 

MSHS 100 × 
90 × 1.65 250 CSS 90 × 40 

× 1.65 335 100 × 100 
× 2 10 5 

CSPM-2 Weak DLCS 95 × 80 
× 10 × 1.90 

MSHS 100 × 
90 × 1.65 250 CSS 100 × 

40 × 1.65 335 100 × 100 
× 2 10 5 

 

 
 
Fig. 3 Typical geometry of the CSPM connection system (unit: mm) 
 

  
(a) (b) 

 
Fig. 4 Detailed joint dimensions (unit: mm): (a) CSPM-1 and (b) CSPM-2 
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(a) Typical layout of test configuration 
 

  

(b) Test configuration of the CSPM-1 (c) Test configuration of the CSPM-2 
 
Fig. 5 Experimental test configuration of the specimens 
 
block. In order to simulate boundary conditions at 
moment inflection points, the end of both beams was 
pinned, and one end of the column was clamped to 
connect with the load cell and actuator. Then, every 
high-strength bolt was preloaded to 5 kN using a 
torque wrench with a nut factor of 0.3 [19]. It induced 
clamping from the pocket to the beams and column. 
After that, a linear variable differential transformer 
was placed near the load cell to measure the 
horizontal displacement of the top-end column. Strain 
gauges of SG-1 to SG-3 were positioned vertically 
along the column and beam axes; strain gauge SG-1 
was located on the column near the top of the split 
pocket, and SG-2 to SG-3 were located close to the 
lower section of the split pocket and stiffener. Fig. 5 
also depicts the placement of strain gauges on the 
specimens. Furthermore, the actuator was loaded 
horizontally in both the positive and negative 

directions based on the cyclic loading protocol 
outlined in AISC 341 [20], as shown in Fig. 6. 

 
Fig. 6 Cyclic loading protocol for a beam-to-column 
moment connection [20] 

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0 6 12 18 24 30 36 42

R
ot

at
io

n 
an

gl
e 

(r
ad

)

Number of cycles



International Journal of GEOMATE, July, 2024 Vol.27, Issue 119, pp.78-91 

83 
 

Table 2. Material properties for the specimen's cyclic 
loading 
 

Component t 
(mm) 

fy fu 
(MPa) 

Elongation 
(%) (MPa) 

MSHS 1.65 274 355 17.60 
DLCS 1.90 280 341 14.98 

 
Primary data such as load, displacement, and strain 
were collected through a data acquisition tool and 
monitored on the computer during loading. Finally, 
the cyclic loading sequence was initially suspended to 
check the condition of the CSPM specimens upon 
reaching a drift of 0.04 rad, the lower limit for the 
seismic force-resisting system as per AISC 314-16. It 
could then continue beyond this point until the 
maximum drift of 0.095 rad. 
 
5. RESULT AND DISCUSSION 
 
5.1 Stiffness Evaluation 
 

The stiffness level of the connection was 
determined using experimental and theoretical 
results. For the experimental stiffness, the yield 
criterion for the specimens was utilized, precisely the 
equal energy method [21], as depicted in Fig. 7. The 
experimental stiffness was calculated by dividing the 
yield load by the yield displacement of the specimen. 
In contrast, the theoretical stiffness assumed an ideal 
rigidity for connecting the column and beam 
components, which was calculated using Eq. (1). 
 

𝑲𝑲𝒓𝒓,𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 =
𝟐𝟐𝟐𝟐𝟐𝟐
𝑳𝑳𝟑𝟑  (1) 

 
Where E and I represent the elastic modulus and 
moment of inertia of the beam-column component, 
respectively; L denotes the distance between the 
loading point and neutral axis of the beam. 

The results obtained from applying different 
bending axis to the specimens demonstrated that the 
bending axis had a notable impact on the stiffness of 
the specimens. Table 3 summarizes the results of the 
analysis. Comparing the CSPM-1 specimen loaded in 
the strong axis to the CSPM-2 specimen loaded in the 
weak axis, the experimental stiffness of the former 
was found to be higher, with an increase of 19.64% in 
the positive direction and 13.22% in the negative 
direction. Moreover, the disparity of both specimens 
in theoretical stiffness was even more significant, 
with an increase of 31.38%. In contrast, the stiffness 
ratio exhibited an opposite trend, with the CSPM-1 
specimen having a lower average stiffness ratio than 
the CSPM-2 specimen, with values of 0.253 and 
0.307, respectively. This result is consistent with a 
previous study on the HSS-to-HSS connection, where 
the low stiffness ratio was attributed to localized 

deformation in the connection system due to 
flexibility [22]. Furthermore, the discrepancies in 
stiffness can also be attributed to the fact that the 
higher section capacity of the beam-column 
component primarily influenced the theoretical 
stiffness results. In contrast, the experimental 
stiffness results were affected by the lower section 
capacity of the split pocket component of the joint. 

Another behavior related to the stiffness was the 
specimens’ stiffness degradation during the cyclic 
loading. The stiffness degradation characteristics can 
be studied through the secant stiffness parameter (𝐾𝐾𝑠𝑠

𝑗𝑗), 
where 𝐾𝐾𝑠𝑠

𝑗𝑗  was derived by dividing the maximum 
lateral load ( 𝑃𝑃𝑗𝑗𝑖𝑖 ) by the corresponding lateral 
displacement (Δ𝑗𝑗𝑖𝑖) during the cyclic loading protocol’s 
ith cycle and jth step, as described in Eq. (2). 
 

𝑲𝑲𝒔𝒔
𝒋𝒋 =

∑ 𝑷𝑷𝒋𝒋𝒊𝒊𝒏𝒏
𝒊𝒊=𝟏𝟏

∑ 𝚫𝚫𝒋𝒋𝒊𝒊𝒏𝒏
𝒊𝒊=𝟏𝟏

 (2) 

Fig. 8 depicts that the stiffness degradation of 
specimens CSPM-1 and CSPM-2 showed the same 
trend. The stiffness curve took on a curvilinear form, 
where the stiffness decreased linearly at the beginning, 
forming a curve at a certain rotation angle. 
Nonetheless, the stiffness between the positive and 
negative directions at the beginning of the linear 
phase had different values in both specimens. 
Specifically, the stiffness in the positive direction was 
lower than the negative direction at a rotation angle 
of 0.004 rad (first step). As the cyclic loading 
progressed to the rotation angle of 0.005 rad (second 
step), stiffness in the positive direction spiked. In 
contrast, the negative direction experienced a drastic 
decrease in stiffness. This condition is consistent with 
reported studies in which different values and drastic 
decreases in stiffness were attributed to the initial slip 
on the joint components and the asymmetry in the 
specimen’s configuration during cyclic loading [23, 
24]. 
 
5.2 Hysteretic Behaviors 
 

The hysteretic curve, obtained from the 
relationship between rotational and moment, provides 
valuable information about the response of 
connections. The moment at the joint is calculated by 
multiplying the applied load by the perpendicular 
distance to the centroid of the connection. 
Simultaneously, the rotation angle is determined by 
dividing the lateral displacement by the moment arm 
(Lm). Fig. 9 depicts the hysteretic curve of the 
specimens following cyclic loading. 

Both specimens exhibited a similar shape in their 
hysteretic curves, appearing as a reverse S-shaped 
curve with pinching in the middle. This result is 
consistent with the study by Xie et al. [25] and Wu et 
al. [26], in which the distinctive shape emerged as the 
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Table 3. Stiffness of the specimens 
 

Specimen Loading 
direction 

Py 
(kN) 

Pu 
(kN) Dy (mm) Du (mm) Ke,exp 

(kN/m) 
Kr,theo 

(kN/m) Ke,exp/Kr,theo 

CSPM-1 
Positive 2.65 3.15 82.62 135.32 32.08 113.23 0.283 
Negative 2.52 2.92 100.26 142.64 25.11 113.23 0.222 

CSPM-2 
Positive 2.10 2.49 81.57 135.13 25.78 77.56 0.332 
Negative 2.00 2.38 91.97 142.63 21.79 77.56 0.281 

Note: Py represents yield load, Pu represents ultimate load, Dy represents yield displacement, Du represents ultimate displacement, Ke,exp 

represents experimental effective stiffness, and Kr,theo represents theoretical stiffness. 

 
specimens experienced a simultaneous increase in 
lateral force and a decrease in stiffness during cyclic 
loading. The decrease in stiffness in both specimens 
began at a rotation angle of 0.007 rad (third step), with 
no evidence of plastic deformation observed at this 
rotation angle. Subsequently, the decreased stiffness 
persisted until the completion of cyclic loading at a 
rotation angle of 0.095 rad. Consequently, the 
contrasting relationship between lateral force and 
rigidity is likely attributable to the joint system 
becoming more flexible with the increase in applied 
rotation angle. 

The pinching effect observed in the hysteretic 
curves involved the narrowing of the transition region 
between the positive and negative directions of the 
curve. Kordzangeneh et al. [27] showed that 
narrowing in the hysteretic curve results from 
stiffness reduction and subsequent stiffness recovery 
during cyclic loading. This condition is caused by the 
buckling phenomenon in the specimen [27, 28]. 
Accordingly, CSPM-1 and CSPM-2 also exhibited a 
similar condition where the local buckling occurred 
in the flange of the split pocket near the face of the 
beam. This area acted as a support region, making it 
susceptible to stress or strain concentration. 
Therefore, the flanges of the split pocket experienced 
inelastic deformation in their outer fibers, leading to 
local buckling in both specimens. 

In addition, the primary difference between both 
specimens lay in their patterns of strength 
degradation. Based on the hysteretic curve presented 
in Fig. 9, it was observed that CSPM-1 began 
experiencing strength degradation at a rotation angle 
of 0.095 rad, whereas the strength degradation pattern 
for CSPM-2 remained imperceptible. Accordingly, 
the CSPM-2 specimen retained the potential to 
achieve a higher deformation capacity compared to 
CSPM-1. 

5.3 Skeleton Curves 

Fig. 10 compares the skeleton curves of the two 
specimens. Initially, the moment-rotation curves for 
CSPM-1 and CSPM-2 exhibited similar patterns. 
When both specimens attained a rotation angle of 
0.02 rad, the difference in their bending axis began to 
influence their moment capacity. Compared with 
CSPM-2, the yield moment capacity of CSPM-1 

increased by 20.85% in the positive direction and 
20.37% in the negative direction. CSPM-1 showed an 
increase of 21.14% in the positive direction and an 
increase of 18.49% in the negative direction at the 
ultimate moment capacity. Therefore, CSPM-1 
exhibited a higher yield and ultimate moment 
capacity than CSPM-2. Conversely, the disparity of 
the yield rotation angle between CSPM-1 and CSPM-
2 showed a similar trend with the moment capacity 
but with a low percentage. Compared to the CSPM-2, 
the CSPM-1 demonstrated a yield rotation angle that 
increased by 1.81% and 8.95% in the positive and 
negative directions, respectively. Furthermore, the 
ultimate rotation angle remained relatively unaffected 
between the two configurations. These results 
indicate that the loading applied to the specimens 
impacts the moment capacity more than the rotation 
angle.  

The level of restraint in the connection could 
influence the disparity response of specimens in 
moment capacity and rotation angle. According to 
AISC 341 [20], the classification of a connection as 
fully restrained (FR) or partially restrained (PR) 
depends on the comparison between the connection's 
maximum moment capacity ( 𝑴𝑴𝒎𝒎𝒎𝒎𝒎𝒎 = 𝑷𝑷𝒖𝒖𝑳𝑳𝒎𝒎 ), 
determined through testing, and the theoretical plastic 
moment capacity of the connected column (𝑴𝑴𝒑𝒑,𝒄𝒄𝒄𝒄𝒄𝒄 =
𝒇𝒇𝒚𝒚𝒁𝒁). The maximum moment capacity of the CSPM 
(specific term for CSPM) connection was obtained at 
the ultimate load, multiplied by the moment arm of 
the connection system. Table 4 summarizes the 
detailed results of the classification. The CSPM-1 and 
CSPM-2 joints were categorized as Partially 
Restrained (PR) because the maximum moment 
(Mmax) of each joint was lower than the column’s 
theoretical plastic moment (Mp,col), but not less than 
half. Furthermore, the CSPM-1 and CSPM-2 joints 
were categorized as ordinary moment frames (OMF) 
because their moment capacity at rotation angles of 
0.02 rad and 0.04 rad did not surpass 80% of their 
maximum moment capacity [20]. This condition was 
due to the plastic deformation caused by inelastic 
local buckling in their split pockets, which resulted in 
faster degradation of the connection’s moment 
capacity before reaching the lower limit of the 
column’s plastic moment. Nevertheless, the 
prefabricated instant steel house
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Table 4. The result of restraint category and moment frame system 
 

Specimen Loading 
direction 

Mmax  
(kN.m) 

Mp,col 

(kN.m) 
Restraint 
category 

M0.02rad 
(kN.m) 

M0.04rad 
(kN.m) 

0.8Mmax 

(kN.m) 
Moment 

frame system 

CSPM-1 
Positive 4.73 6.89 PR 2.25 3.44 3.78 OMF 
Negative 4.38 6.89 PR 1.78 2.69 3.50 OMF 

CSPM-2 
Positive 3.73 5.50 PR 1.79 2.72 2.98 OMF 
Negative 3.57 5.50 PR 1.59 2.34 2.85 OMF 

Note: Mmax represents maximum moment capacity, and Mp,col represents the column’s theoretical plastic moment, M0.02rad represents the 
moment at 0.02 rad, and M0.04rad represents the moment at 0.04 rad 

 
Fig. 7 Definition of yielding point and stiffness 
 

 
 
Fig. 8 Stiffness degradation of the specimens 
 
with the OMF steel connection system could still be 
used in earthquake-prone areas with seismic design 
categories D, E, and F as long as the structural height 
remained under 20 m [29]. This was demonstrated by 
the ability of the connection specimens to rotate 
beyond 0.04 rad in both directions while maintaining 
sufficient and stable lateral resistance up to 0.095 rad. 
 
5.4 Energy Dissipation 
 

Ductility is the ability of a material to deform and 
absorb energy without losing its integrity. In the case  

of steel joints, the ductility was quantified through a 
rotational ductility coefficient until the maximum 
drift of 0.095 rad, as described in Eq. (3). 

𝝁𝝁 =
𝜽𝜽𝒎𝒎𝒎𝒎𝒎𝒎
𝜽𝜽𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚

 (3) 

where θmax denotes the maximum rotation angle, and 
θyield represents the yield rotation angle. 

The rotational ductility coefficients of CSPM-1 
and CSPM-2 ranged from 1.42 to 1.75. According to 
Table 5, CSPM-2 demonstrated a slightly higher 
ductility coefficient than CSPM-1, with a disparity of 
1.16% in the positive direction and 9.15% in the 
negative direction. This difference could be attributed 
to the fact that CSPM-2 undergoes plastic 
deformation earlier than CSPM-1, thereby enhancing 
its ability to generate plastic deformation in the 
connection system. Plastic deformation occurred in 
the same area in both specimens, specifically on the 
flange of the split pocket near the beam’s face. The 
local buckling effect amplified the presence of plastic 
deformation in this location. The formation of plastic 
deformation has a positive impact on the absorption 
of seismic energy, as demonstrated by Zhang, Xu and 
Li [11]. Therefore, plastic deformation helps to 
prevent brittle failure and mitigate severe damage to 
the CSPM connection system. 
 
5.5 Energy Dissipation 
 

Jacobsen’s approach [30] demonstrates the crucial 
capability to dissipate energy in characterizing 
seismic performance through hysteretic energy 
dissipation (Ed) and the equivalent viscous damping 
coefficient (he). Hysteretic energy dissipation and 
equivalent viscous damping coefficient represent the 
amount of damping in the joint because of various 
mechanisms, such as material inelasticity and 
connection configuration. The two parameters can be 
assessed using Eqs. (4) and (5). 
 

𝑬𝑬𝒅𝒅 = �
�𝑭𝑭(𝒊𝒊+𝟏𝟏) + 𝑭𝑭𝒊𝒊�

𝟐𝟐 �∆(𝒊𝒊+𝟏𝟏) + ∆𝒊𝒊�
𝒏𝒏

𝒊𝒊=𝟎𝟎

 (4) 

𝒉𝒉𝒆𝒆 =
𝟏𝟏
𝟐𝟐𝟐𝟐 .

𝑬𝑬
𝑨𝑨(𝑶𝑶𝑶𝑶𝑶𝑶) + 𝑨𝑨(𝑶𝑶𝑶𝑶𝑶𝑶)

 (5) 
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(a) (a) 

Fig. 9 The hysteretic curve of the specimens: (a) CSPM-1, (b) CSPM-2 
 

 
Fig. 10 Skeleton curve of the specimens 
 

 
Fig. 11 Definition of a hysteretic loop 
 
Where F represents the force; Δ represents the 
displacement at a specific point; A(BECFB) refers to the 
hysteretic loop at the loading step, as shown in the 
shaded region of  Fig. 11; A(OAE) represents the area 
of triangle OAE, and A(ODF) refers to the area of 
triangle ODF. 

Fig. 12 shows that the ability to dissipate 
earthquake energy in the CSPM-1 specimen was 
higher than in the CSPM-2. This difference appeared 
higher than in the CSPM-2. This difference appeared 

Table 5. Ductility coefficient 
 

Specimen Loading 
direction 

θy 
(rad) 

θmax 

(rad) µ 

CSPM-1 
Positive 0.055 0.095 1.73 
Negative 0.067 0.095 1.42 

CSPM-2 
Positive 0.054 0.095 1.75 
Negative 0.061 0.095 1.55 

 
when the two joint specimens reached a rotation angle 
of 0.02 rad. Then, the energy dissipation capacity 
increased gradually as the rotation angle increased. 
The CSPM-1 could also generate more stiffness and 
strength than the CSPM-2 because it was loaded in 
the strong axis, thereby resulting in a higher energy 
dissipation capacity. The energy dissipation capacity 
decreased when the rotation angle reached 0.090 rad 
owing to the limited length of the actuator’s piston 
rod. 

Following the above conditions, the CSPM-1 had 
a relatively higher and fluctuating equivalent viscous 
damping coefficient than the CSPM-2. However, 
both specimens had a similar trend of increasing the  
equivalent viscous damping coefficient at the 
beginning until the rotation angle reached 0.025 rad. 
When the rotation angle reached 0.035 rad, the 
equivalent viscous damping coefficient values of the 
CSPM-1 specimen began to decrease until the end of 
the loading process. By contrast, the CSPM-2 
specimens tended to produce the equivalent viscous   
damping coefficient as the rotation angle increased. 
This condition indicated that the connection system 
did not undergo additional plastic deformation during 
only occurred in the flange part of the split pocket. 
 
5.6 Strain Analysis 
 

The installation locations of the strain gauges in 
the test specimen are depicted in Fig. 5. Strain gauge 

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

M
om

en
t (

kN
.m

)

Rotation angle (rad)

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

M
om

en
t (

kN
.m

)

Rotation angle (rad)

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

M
om

en
t (

kN
.m

)

Rotation angle (rad)

CSPM-1
CSPM-2



International Journal of GEOMATE, July, 2024 Vol.27, Issue 119, pp.78-91 

87 
 

  
(a) (b) 

 
Fig. 12 Energy dissipation capacity for each rotation angle: (a) Energy dissipation capacity of the specimens and 
(b) Equivalent viscous damping coefficient of the specimens 
 

  
(a) (b) 

 
Fig. 13 Strain under cyclic loading: (a) CSPM-1 and (b) CSPM-2 
 
SG-1 was positioned on the column, while strain 
gauges SG-2 and SG-3 were placed in the split pocket 
and pocket, respectively. The strain values depicted 
in Fig. 13 represent the strain values attained when 
the hysteretic curve reached the maximum rotation 
angle during each step of the cyclic loading protocol. 
According to the coupon test results, the yield strain 
values for the joint and beam-column components 
were 0.14% and 0.15%, respectively. Fig. 13 depicts 
the strain curves of strain gauges SG-1, SG-2, and 
SG-3 on specimens CSPM-1 and CSPM-2 under 
cyclic loading. SG-2 reached the yield strain, while 
SG-1 and SG-3 remained within the elastic range 
concerning the yield strain. This occurred because 
SG-2 was positioned directly above the flange of the 
split pocket, which experienced inelastic local 
buckling. When inelastic local buckling occurred at a 
specific location, it induced a shift in stress 
concentration, thereby propagating inelastic local 

buckling to adjacent locations. This condition caused 
a spike to a certain value in the strain curve of strain 
gauge SG-2. In CSPM-1, SG-2 reached the yield 
strain at a rotation angle of 0.040 rad, with a 
corresponding strain value of 0.21%. In CSPM-2, 
SG-2 reached the yield strain at a rotation angle of 
−0.030 rad, with a strain value of 0.25%. These 
observations were consistent with the observation 
during the experiment, where both CSPM-1 and 
CSPM-2 exhibited inelastic local buckling at the 
flange of the split pocket, as shown in  
Fig. 14. At the same time, the column and beam 
remained undamaged.  
 
5.7 Failure Modes 
 

The failure modes observed in the specimens 
provided a detailed understanding of the behavior of 
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(a) 

 

 
(b) 

 
Fig. 14 Flange form of the split pocket before and after inelastic local buckling: (a) CSPM-1 and (b) CSPM-2 
 
the CSPM connection system. Fig. 15 illustrates the  
failure modes of CSPM-1 and CSPM-2 after they had 
reached full cyclic loading. In the case of CSPM-1, 
when a loading rotation angle of 0.040 rad was 
obtained in both loading directions, inelastic local 
buckling developed on the flanges of the split pocket 
near the face of the beam. Conversely, CSPM-2 also 
experienced inelastic local buckling at the same area 
as CSPM-1 but at a smaller rotational angle of 0.030 
rad and −0.030 rad, occurring at the exact location as 
CSPM-1. One of the stiffeners welded to the pocket 
experienced weld fracture while the CSPM-1 
specimen rotated at an angle of −0.06 rad. Beyond 
this rotation angle, no further signs of failure were 
detected in the specimens till the completion of cyclic 
loading. Upon completion of the cyclic loading 
protocol, examination revealed the formation of 
inelastic local buckling in the out-of-plane direction, 
with an approximate magnitude of 11 mm. This 
buckling occurred symmetrically on the flange of the 
split pocket, as depicted in Fig. 15. 

These failures were primarily caused due to the 
concentration of stress at the location of their 
occurrences. Stress concentration developed due to 
the redistribution of stress in the joint system of the 
CSPM when the joint underwent cyclic loading. 

When the specimen was loaded in the positive 
direction, both the positive and negative sides of the 
flanges of the split pocket simultaneously 
experienced tensile and compressive stresses. If the 
compressive stress surpassed the yield strength of the 
outer fiber and the compressive strength of the split 
pocket’s cross-section, local buckling happened on 
the flange of the negative side. Furthermore, the 
slenderness of the split pocket flange played a role in 
triggering local buckling failure. 

Moreover, the end of the stiffener on the negative 
side encountered an intensified concentration of 
tensile stress as the applied lateral load increased. 
When the tensile stress surpassed the tensile strength 
of the weld, the weld fractured. However, this weld 
failure only occurred on the positive side of the 
CSPM-1 specimen. This situation appeared to result 
from the asymmetrical configuration of the CSPM 
joint, which affected the moment distribution on both 
positive and negative sides shown in Fig. 9, consistent 
with the asymmetrical behavior of interlocking inter-
module connection studied by Lacey et al. [31]. 
Although the CSPM-1 and CSPM-2 specimens had 
similar configurations, the CSPM-1 specimen 
exhibited more substantial localized damage, while 
the column and beam remained relatively undamaged.
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(a) 

 
(b) 

 
Fig. 15 Failure modes of the specimens: (a) CSPM-1 and (b) CSPM-2 
 
6. CONCLUSION 
 

This study proposed CSPM as a beam-column 
joint system. The CSPM eliminates the need for on-
site welding by utilizing a plug-and-play connection 
system between the beam-column and pockets, 
followed by a clamping mechanism induced by 
preloaded fasteners. The key findings from this study 
can be summarized as follows: 
1. The CSPM exhibited a hysteretic response with a 

reversed S-shaped curve and a pinching in the 
middle. Inelastic local buckling within the split 
pocket was crucial in generating plastic 
deformation. This deformation was essential in 
absorbing seismic energy, effectively preventing 
brittle failure and remarkably reducing damage to 
the joint system. The observed failure modes in 
the connection system were primarily caused by 
inelastic local buckling on the flanges of the split 

pocket and weld fracture on one of the stiffeners. 
Finally, the CSPM proved its dependability as a 
prefabricated beam-column joint system for a 
one-story instant steel house. 

2. The bending axis and splitting considerably affect 
the CSPM connection system. The bending axis, 
specifically the strong axis, possesses greater 
stiffness, a higher moment capacity, and effective 
energy dissipation capabilities. Conversely, 
splitting causes local buckling on the flange of the 
divided pocket, which can have various effects. It 
can mitigate damage to the joint system but at the 
expense of its lateral capacity. 

3. All CSPM specimens demonstrated adequate and 
stable lateral resistance up to 0.04 rad in both 
positive and negative loading directions without 
brittle failure indications. The ductility 
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coefficients of the CSPM specimens ranged from 
1.42 to 1.75 owing to their rotational ability. 

4. Compared to the theoretical plastic moments of 
the column, the maximum moment capacity of the 
CSPM specimens was lower but still greater than 
half. When the rotation angle reached 0.02 
radians, none of the specimens achieved a 
moment capacity exceeding 80% of the maximum 
moment capacity of the column. Consequently, 
the CSPM specimens were classified as PR and 
OMF. 

5. The CSPM connection system generally meets the 
standards for use in a one-story building because 
it can achieve sufficient lateral resistance in large 
deformation. However, further study of pocket 
length and thickness variables is still necessary to 
obtain practical equations for designing the 
CSPM connection system more easily. This can 
be achieved by comparing the experimental 
results with numerical modeling using finite 
element analysis. Using database results of the 
numerical modeling could be used to develop the 
equation for the CPSM design. 
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