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Research paper

Design method of modular bi-directional load-bearing
and energy dissipating joints in the context
of intelligent construction

Hao Huang'

Abstract: The requirements for structural performance and seismic performance in the field of civil
engineering are increasing. Traditional building structures have certain limitations in extreme conditions such
as earthquakes. Therefore, this study discusses the design of modular bi-directional load-bearing and energy
dissipating joints in the context of intelligent construction to improve the seismic performance of buildings.
The study designs vertical joints and bi-directional joints, and the test results show that the hysteresis curve of
the joints is hump-shaped, exhibiting excellent plastic deformation and energy dissipation performance. The
introduction of oblique stiffening ribs in the vertical joints significantly improves the load-bearing capacity,
and there is no significant decrease in load-bearing capacity when loaded to approximately 32 mm. The
maximum energy dissipation coefficient of vertical joint specimen 1 is 1.485. For specimen 2, the maximum
values is 1.801, and for the bi-directional joints, the maximum values is 2.156, demonstrating excellent
energy dissipation capability. In conclusion, this research is of great significance for the combination of
modern building engineering technology and intelligent construction, providing strong support for the
seismic performance and overall safety of building structures.
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1. Introduction

Intelligent building is the use of modern science and information technology, to achieve
a high degree of automation and digital building methods. It is gradually changing the way
traditional construction projects are carried out and bringing revolutionary changes to the
construction industry [1]. Modular construction is to manufacture prefabricated modules
in the factory and then assemble them on site, which improves the construction speed and
better ensures the control of construction quality [2]. However, earthquakes can cause serious
damage to buildings, pose a threat to human life and property, and have a significant impact on
social and economic stability [3]. Therefore, in this context, a new civil engineering design
method — modular bidirectional load-bearing energy dissipation node is proposed. In this study,
intelligent construction technology and seismic resistance are combined to design two new
modular joints: vertical joints and bidirectional joints. Vertical connectors are used to achieve
vertical connections between module components. The bidirectional joint realizes the vertical
connection between the modules and ensures the horizontal stability between the modules.
The aim of this study is to improve the performance of building structures under earthquake
action, and to provide theoretical and practical basis for the integration of seismic design and
intelligent construction technology in civil engineering.

2. Related work

Earthquake is a common destructive natural disaster, and seismic design has become a key
research field in the field of civil engineering. Merino et al. proposed a solution based on
dynamic time-history analysis and relative displacement floor response spectrum optimization
to improve the seismic performance of buildings [4]. Kaveh et al. developed a performance-
based seismic design optimization scheme, which provides a new approach for seismic building
design [5]. O’Reilly et al. proposed a design framework based on expected annual losses,
which provides an effective tool for early design decisions and better design schemes, thereby
improving the overall seismic performance of buildings and reducing potential losses [6].
Filiatrault et al. proposed a displacement-based seismic design method to solve the coordination
problem between structural and non-structural components in seismic design [7].

In the construction industry, modular design is one of the ways people are constantly
looking for more efficient and sustainable building methods. Phocas et al. proposed a temporary
spatial structure composed of parallel interconnected planar module rods to solve the problem
of flexibility and adaptability of spatial structure [8]. Pan and Hon proposed a method called
modular integrated construction to solve the challenges faced by high-density high-rise building
construction, aiming to improve quality, productivity, safety and sustainability, and solve the
problems encountered in high-rise building construction [9]. Stieler et al propose to integrate
modularization and manufacturing steps into the design-to-production process to promote
innovation in digital concrete manufacturing [10]. Marsault introduced the sunshine factor
calculation meta-model for modular buildings, which provides an effective tool for architects
to quickly evaluate building performance in the early stage of design [11].
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3. Seismic modular load-bearing and energy dissipating
joint construction and performance analysis

The modular load-dissipation joint plays a key role in seismic design. Two kinds of modular
load-dissipation joint, vertical joint and bidirectional joint, are studied and designed.

3.1. Construction of vertical joints and Bi-directional joints

Modular load-bearing and energy dissipating joints are special structural elements used in
seismic design. They can bear the load of the building and absorb and dissipate energy during
earthquakes, thereby improving the seismic performance of the structure [12]. In this study,
three-dimensional models of two types of modular load-bearing energy dissipation nodes were first
constructed. The three-dimensional construction drawings of vertical nodes are shown in Figure 1.

(@) ()
Fig. 1. 3D construction diagram of vertical joint: (a) Vertical node, (b) Top — Assemble module, (c)
Connecting plate, (d) Vertical connector

Figure 1(a) is a vertical connection formed by connecting the upper and lower assembly
modules with fully bolted vertical connectors. Figure 1(b) shows the upper assembly module
unit, which is connected vertically through the lower flange of the floor beam to the bolt holes
on the four sides of the column. Figure 1(c) shows the connection plate connected vertically.
Figure 1(d) illustrates the vertical load-bearing connector, which consists of four steel plates.
Connect the upper and lower assembly modules to form joints using fully bolted vertical
connectors. The connecting plates are fixed directly with vertical bearing joints and bolted.
The horizontal plate of the vertical bearing joint connects the upper flange of the ceiling to the
lower flange of the floor beam. Vertical bearing connector plates increase connection stiffness.
The vertical joint has high bearing capacity and seismic performance, and the whole bolted
connection ensures the stability and safety of the building structure. The three-dimensional
construction drawing of the bidirectional joint is shown in Figure 2.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

3 H. HUANG

(b)
Fig. 2. 3D construction diagram of bidirectional joint: (a) Bidirectional node,
(b) Nonnect 4 assembly modules

In Figure 2, the bidirectional node has both vertical and horizontal bidirectional connection
functions. It consists of two vertical parts of the two-way connector, two horizontal parts of the
two-way connector and a middle plate of the two-way connector, which can be assembled into
a whole by welding or integral casting. The vertical part is bolted to the column flange and can
be designed to protrude or flush. Intermediate plates can have openings or use small dampers.
The combination of the bidirectional connector and the vertical connecting plate can realize
the bidirectional connection of the assembled module. In addition, they can also be used to
connect end-plate beams to achieve different architectural functions.

3.2. Mechanical model of vertical joints

Research on the mechanical properties of modular nodes is helpful to optimize the
structural design and improve the overall stability [13]. There are three key assumptions in
the establishment of the mechanical model of vertical joints. Firstly, it is assumed that the
high-strength bolts connecting the modular units will not loosen during the elastic stage.
Secondly, the connections at the joints are considered to be completely rigid during the elastic
stage, without bending or sliding. Finally, the material and geometric properties of the beams
and columns are taken from the points of contraflexure, which are the least prone to bending
or stress concentration. The mechanical model of the vertical joint and the bending moment
diagram are shown in Figure 3.
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Fig. 3. Vertical joint mechanical feature and bending moment: (a) Mechanical model, (b) Bending moment
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In Figure 3, V represents the horizontal push-over load at the column end, M represents
bending moment, and the specific expression of bending moment of each section is shown in
equation (3.1).

Mcp =V -Hci, Mpa=V-He
Mpr =V -(Hc1 + Heo + Hyy + Hypy — py Lp)
Mpg =V - puyLp, Mpc =V - (Hca — uy Lp)
Mcp =V -(Hco+ Hy + Hypy — pyLp)

3.1)

In equation (3.1), Hc1 and Hc; represent the distance from the section centroid section at
the column’s end to the ceiling beam sections and floor beam sections centroids, respectively.
Hj represents the distance from the centroid of the floor beam section to the upper assembly
module, and Hj; represents the distance from the centroid of the ceiling beam section to the
lower assembly module. Lp represents the distance from the centroid of the section at the
contraflexure points to the centroid of the column section. Lp is the vertical coeflicient, which
represents the proportional relationship between the sectional flexural stiffness and the length
of the component in the vertical joint, as shown in equation (3.2).

2(Hc1+Heo + Hjn + Hy2) Ijy + (2Heo + Hyy + Hn)li I,

(G2 o=
Lyl (1] +15) + 3 (Hy + Hp) 1] I

In equation (3.2), I}y, Ii', and IZ' represent the inertia sectional moments for column
connection segment, floor beam, and ceiling beam [14]. The vertical load-bearing and energy
dissipating joint domain is more extensive compared to traditional joints, including the core
areas PI’;I and wa of the two assembly modules, the core areas Pé and Pg of the connection
segments of the two assembly modules, and the mid-plate PU of the connector. Based on the
bending moment diagram in Figure 4(b), the study uses the graph method to calculate the
lateral displacement of the joint under the action of V. First, the lateral displacement Aﬁlv
caused by the bending of the assembly module beam is calculated, as shown in equation (3.3).
gy ()1

Cverr |0 5 )

(3.3) ALy =

3Elc I - I£

In equation (3.3), H represents the total height of the joint,and H = Hc1+Hcer +Hy + Hys.
E represents the elastic modulus of the steel material, and /¢ represents the moment of inertia
of the assembly module section. Next, the lateral displacement Afxzv caused by the bending of
the assembly module column is calculated, as shown in equation (3.4).

C 3 3
(34) NGy =V (H2, + H2,) J3EIC

Finally, the lateral displacement A{,IV caused by the shear deformation of the core area

P]]:/I and Py}, is calculated, as shown in equation (3.5).

(3.5) Mgy =V (H =1 - 15) 1GAc
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In equation (3.5), hf and h{ represent the heights of the core areas Pj:/l and Py, respectively.
G represents the shear modulus of the steel material, and A¢ represents the cross-sectional
area of the column mid-plate. The total displacement Apsy = Aﬁlv + Aﬁlv + Agdv of the
vertical joint is then calculated, and its initial lateral stiffness K is given by equation (3.6).

cpf
3EICICH Ac
(8 Kuv = H2LglcAc|(1-#X ) ae+(HL ) 1) b:13 H3 )1 Ac+7.79(H-h! -h¢
Blc C[(_z)'h+(2)'b]+( at cz)bb c+/. ( _J_J)
In equation (3.6), G = ———. v represents the Poisson’s ratio, with a value of 0.3, so

2(1+v)

G = 0.385E. In modular vertical joints, the core areas P{l and Pj, undergo shear deformation
under the column end load. Unlike traditional joints, one side of the core area is fixed while
the other side is free. When the shear angle of the core area reaches the yield shear angle vy,
only the column flange segment can bend in both directions to resist the horizontal load at the
column end, while other parts are connected to the vertical connecting plate through bolts and
cannot bend completely. Assuming that the core area Pp yields before the horizontal part of
the connector, and the characteristics of the column sections of the upper and lower assembly
modules remain consistent, the yield bearing capacity of the joint domain Vlﬁ‘;’ V. in the elastic
stage is given by equation (3.7).

(3.7 VMY = 0.557F, (0.95d tey) - 2

F.

In equation (3.7), 0.557 F;, comes from shear yield stress 7, = — = 0.557F,, F, represents

the yield strength of the steel material, and d,. and ¢.,, represent the width and thickness of
hs and Py, respectively, their reference sizes are 400 mm and 11 mm respectively. At this
point, the yield shear angle yi” V' of the joint domain, with PI]:,I and Py, having the same shear
deformation direction, is represented as yi” V= 2yy. One side of the core areas PI’;I and Py, is
modeled as a spring with two corner points to resist the lateral load. For force equilibrium, it
should satisfy 0.9d,yV = 2M86. d,, M, and 6 represent the width, moment, and rotation angle

of the column flange, respectively, where 6 = y. Therefore, the lateral stiffness of the column
flange can be obtained, as shown in equation (3.8).

v 1095berZ,G oy 1.095bct G

(3.8) KMy =L - 9 -
PE "y 2dyp PC "y 2dcp

In equation (3.8), K gIFV and K ?,”CV represent the lateral stiffness of the column flange of

P]):,, and Pj,, respectively, dyp and d.p represent the height of P]C, and Py, their reference
dimensions are all 180 mm, and b, and 7.r represent the width and thickness of the column
flange of the assembly module, their reference dimensions are 44 mm and 9 mm.

3.3. Bidirectional joint mechanical model

The assumptions for the bidirectional joint mechanical model include the neglect of
high-strength bolt relaxation, rigid connection between the upper and lower columns, taking
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the beams and columns from the points of contraflexure, and simplifying the analysis of the
modular bidirectional load-bearing and energy dissipating joint for symmetric structures under
asymmetric loads by using half of the structural model. The bidirectional joint mechanical

model and the bending moment diagram are shown in Figure 4.
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Fig. 4. Mechanical model of bidirectional joint and bending moment diagram: (a) Mechanical model,
(b) Symmetrical structural mechanics model, (c) Bending moment diagram

In Figure 4, the bending moment expressions for each section are shown in equation (3.9).

Mpg =VHci, Mpc =VupLpy, Mpc =VupLpy
M VL ) M. y_ LesH
up =V0ipy | ———— — us|, Gp=V—"7-7—
Lpj + Lpm H Lpy + Ly
Mpg =V (upLpm — Hc1), Mgr =V I[(Hc1 + Hp) — upLpum]
(3.9) R
My =V |\upLpym + Hea — —)
K Lpy+ Lpm
HLpp
Mgy =V |———F——-Hc2—Hpp— uplpm
Lpy + Lpm a

Inequation (3.9), Hc1, Hca, Hy1, Hy, and H have the same meanings as in the vertical joint.
Lpy and Lpj represent the gap starting with the ceiling beam and floor beam contraflexure
points to the column section centroid, and the distance from the centroid of the bidirectional
connector section to the centroid of the column section, respectively. up represents the
bidirectional coefficient, as expressed in equation (3.10).

B {2135 L3, H + 315 Ly [Hy1 (2Hc1 + Hyt) = Hyy (2Hes + Hpp)l} 1‘5

(3.10) up = ; ;
2Lgs Ly [Iﬂ, (Ib + 1;) Law + 310 1¢ (Hy + Hn)]

In equation (3.10), I;p, I‘Z, and Ig represent the inertia sectional moments for column
connection segment, floor beam, and ceiling beam, respectively. The bidirectional joint has
a total of 9 core areas, including the core areas P;/J;, PIVV;’, ng , and P::C of the upper right,
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lower right, upper left, and lower left assembly module joints, the core areas PEC, Pifl, Plg, and
PICC of the upper left and lower left assembly module joints, and the mid-plate Pp,s. First, the
lateral displacement Af,l g caused by the bending of the assembly module beam is calculated,
as shown in equation (3.11).

H g f
- 2
B VL, Lgs +Lem us |l s
_ BM
(.11) As = —5p i

b'b

In equation (3.11), H represents the total height of the joint. H = Hcy + Heo + Hyy + Hy.
E represents the elastic modulus of the steel material. The lateral displacement Aﬁ, g caused
by the bending of the assembly module column is calculated as shown in equation (3.12).
.V (Hg1 + ng)
3.12 Ayp=——F7"
G.12) ME 3Elnc

In equation (3.12), I, represents the moment of inertia of the assembly module column
section. Finally, the lateral displacement A;,I p caused by the shear deformation of the core

areas Pg and P}/ is calculated as shown in equation (3.13).

L
V(H-$—h§—hj)
Lpj+ Lpm

GAme

(3.13) Alp =

In equation (3.13), hj; and h§ represent the heights of the core areas Plr‘; and Py,
respectively. G represents the shear modulus of the steel material, and A,,. represents the
cross-sectional area of the column mid-plate. The total displacement of the vertical joint is
Amy = A8 o+ AS, , + A}, 5. Tts initial lateral stiffness Kp7y is given by equation (3.14).

%
(3.14) Kyvy =
Amp
_ BEISH Lnc Ame
H2Lasglne Ame [(1—"73)2 ~1rg+("TB)2-1;,‘]+(Hél +H(3:2)1;)' Il{Amc+7.79(H—hf; —h;‘)
In equation (3.14), G = ———. v represents the Poisson’s ratio, with a value of 0.3, so

2(1+v)
G = 0.385E. In the elastic stage, the yield bearing capacity VI% B of the joint domain is given
by equation (3.15).

(3.15) VB = 0.557F, (0.95d tey) - 2

In equation (3.15), F}, represents the yield strength of the steel material, and d. and ¢,

represent the width and thickness of Prf and Plrv;' , their reference sizes are 340 mm and 9 mm

M
respectively.
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4. Experimental study of the joints

To test the seismic performance of the designed joints, the study conducted experimental
research on the vertical joints and bidirectional joints from four perspectives.

4.1. Experimental study on spatial loading of vertical joints

Two full-size modular vertical load-bearing energy dissipation nodes, specimen 1 and
specimen 2, were designed for the experimental study of space cyclic load under bidirectional
earthquake action. The lower assembly module ceiling beam flange of specimen 2 is welded
with diagonal stiffened plates. The beam end loading method is studied, and the three-jack
loading system is adopted. In this study, the hysteresis curves of two specimens were tested
first. The hysteretic curves of the 1#Double beam and 2#Double beam of specimen 1 under
cyclic loading are shown in Figure 5.

40

Fig. 5. Hysteresis curve of specimen 1: (a) 1#Double beam, (b) 2#Double beam, (c) 1#Double beam
crack, (d) 2#Double beam crack

In Figure 5, the hysteresis curve of the vertical load-bearing energy-consuming node
presents a full loop, indicating that it has strong plastic deformation and strong seismic
energy-consuming capacity. Under vertical upward load, the weld seam between the lower
flange of the 2# double beam suspended ceiling beam and the flange of the column cracks,
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and the displacement is 29.24 mm, but the bearing capacity does not decrease significantly.
The weld between the lower flange of the ceiling beam and the column flange of the 1#Double
beam cracks due to vertical upward load, resulting in a sharp decrease in bearing capacity and
stop loading. The hysteresis curve of specimen 2 is shown in Figure 6.

500 500
400
300
200F
/
/ 7 140
' // J Z L 1 1 i ) /A 1 J
0 /01 /N 30 40 w-40 -30 200 A0 OF// A6 /20 30 40
/i 4Z§$/ -100f
0 -2('/0:-
Vs %
-4oot
-500 -500
DiSplacement / mm DiSplacement / mm
(a) (b)

Fig. 6. Hysteresis curve of specimen 2: (a) 1#Double beam, (b) 2#Double beam

In Figure 6, the hysteresis curves of the 1#Double beam and 2#Double beam of specimen
2 present a complete hysteresis loop shape and have good plastic deformation and energy
dissipation capacity. At the initial stage of loading, the node hysteresis curve presents a slight
asymmetry, but with the continuation of loading, the hysteresis curve gradually becomes
stable and regular. The inclined reinforcement design of specimen 2 significantly improves
its bearing capacity. When the displacement is about 32 mm, its bearing capacity does not
decrease significantly. The stiffness degradation curves of Specimen 1 and Specimen 2 are
shown in Figure 7.

—— 1#Double beam —— 1#Double beam
L2r) 2#Double beam L2r e 2#Double beam

0.8F 0.8F
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T

0.4 0.4
02 02F
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Fig. 7. Stiffness degradation curves of specimens 1 (a) and 2 (b)
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From Figure 7, the stiffness degradation trend of each double beam in the test is relatively
flat. At the beginning of the test, the stiffness degradation of specimens 1 and 2 was not
significant, but once they entered the plastic deformation state, the stiffness degradation
coefficients of the double beams 1# and 2# began to decline at different speeds. However, the
2#Double beam tie rod displacement meter in specimen 1 was disturbed by oblique load and
could not be analyzed in detail. In specimen 2, the stiffness degradation coefficients of double
beams 1# and 2# decreased slightly after they entered the plastic deformation state, but they
were also disturbed by the oblique load. Finally, the energy dissipation performance of vertical
nodes is tested, and the results are shown in Table 1.

Table 1. Energy dissipation performance test results of vertical joints

Test specimen Double beam E;
. 1#Double beam 1.485
Specimen 1
2#Double beam 1.326
. 1#Double beam 1.801
Specimen 2
2#Double beam 1.691

In Table 1, E; represents the energy dissipation coeflicient. Under the reciprocating load, the
maximum E; of specimen 1 is 1.485, and the maximum E; of specimen 2 is 1.801, indicating
that the vertical joints have good energy dissipation performance. However, due to the cracking
of the stiffeners and weld between the flange of the column, the 2#Double beam of Specimen 1
stopped loading at 29.74 mm, resulting in lower energy dissipation coefficient.. On the contrary,
the addition of strengthening plates on the 1# and 2#Double beams of Specimen 2 improved
the energy dissipation performance, making it superior to Specimen 1.

4.2. Experimental study on planar loading of bidirectional joints

For the experimental study on planar cyclic loading of bidirectional joints, four assembly
module units were used, each consisting of a column and a beam welded vertically to the
column. The beams were loaded at their ends, taking into account the constraints of the double
columns and the continuous application of axial compression, while also applying reverse
loading to simulate the seismic performance of the joints. The hysteresis curves were first
tested, and the results are shown in Figure 8.

250F 250F

200F 200

150k 150k

WE 0k

50 S0t
E L 1 i I 1 1 1 J % L 1 1 % ). 1 1 ]
= -80 -60 7467/ 20 / W0///20/ /40 7 60 80 =~-80 -60 40/,/20/ /(0//20,/ 40/ 60 80

.,5()r HOK

-140% 0
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<200F -200F

=250 . =250%

DiSplacement / mm DiSplacement / mm

(a) (b)
Fig. 8. Hysteresis curves of specimen: (a) 1#Double beam, (b) 2#Double beam
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From Figure 8, it can be seen that the hysteresis curves of the 1#Double beam and 2#Double
beam exhibit a hysteresis loop shape, indicating excellent energy dissipation capacity of the
specimens. In the experiment, when the 1# ceiling beam was subjected to vertical upward
loading, the weld between the lower flange of the beam and the flange of the column cracked,
and at the same time, diagonal tearing of the web occurred in the direction of the applied force,
resulting in a sharp decrease in load-bearing capacity on the hysteresis curve. The upper flange
of the 14# floor beam also experienced local yielding. Meanwhile, under downward loading, the
upper flanges of the 2# ceiling beam and 2# floor beam of Specimen 2 exhibited significant
bending and a decrease in load-bearing capacity, and the upper flange of the 2# floor beam also
showed noticeable buckling. Finally, the stiffness degradation curves and energy dissipation
performance of the specimens were tested, and the results are shown in Figure 9.

—— 1#Double beam 25 O 1#Double beam [0 2#Double beam

- 1210] e 2#Double beam
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Fig. 9. Stiffness degradation curve and energy dissipation performance of specimen:
(a) Stiffness degradation curve, (b) Energy dissipation performance test results

From Figure 9, the stiffness degradation patterns of the specimens in both positive and
negative directions are similar, experiencing horizontal linear segments, linear descending
segments, and curved descending segments. The horizontal linear segment represents the
elastic stage, where the stiffness remains relatively constant. The degradation of stiffness mainly
occurs after the yield point of the specimens due to the accumulation of plastic deformation.
When compressive force is applied, the stiffness of the specimens sharply decreases after
yielding, but as the horizontal displacement load increases, the degradation rate gradually
decreases. The E; under cyclic loading for the 1# and 2#Double beams is 2.156, indicating
that the modular bidirectional load-bearing and energy dissipation joints have strong energy
dissipation capacity when the four module units are connected bidirectionally and the critical
parts of the columns are discontinuous.
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5. Conclusions

In view of the lack of seismic performance of traditional buildings, this paper explores
the seismic design method of modular two-way load-bearing energy dissipation joints. The
vertical and bidirectional nodes are designed and their mechanical models are discussed. The
load bearing performance and energy dissipation performance were evaluated by experiments.
The test results show that the hysteretic curve of the vertical bearing energy dissipation joint
is looped, which indicates that it has strong plastic deformation and strong seismic energy
dissipation ability. Among them, after the introduction of inclined stiffener design, the bearing
capacity of specimen 2 is significantly improved, and it does not decrease significantly until
the displacement is about 32 mm. Under the reciprocating load, the maximum E; of specimen
1 is 1.485, and that of specimen 2 is 1.801, indicating that the vertical joints have good energy
dissipation performance. The bidirectional node has good ductility. The cyclic load of 1# and
2#Double beams is 2.156, and the energy dissipation capacity is strong. In summary, this study
provides an important reference and experimental basis for improving the seismic performance
of building structures. However, there is a lack of experimental analysis on the relationship
between the regional shear Angle and the shear capacity of vertical and bidirectional joints,
which is worthy of further study in the follow-up experiments.
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