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Abstract 

The Sulawesi region is located at the confluence of a smaller Philippine plate and three major global plates, namely the 

Indo-Australian, Pacific, and Eurasian. This strategic location makes Sulawesi and the surrounding earthquake-prone 

region in Indonesia. Recognizing the seismic vulnerability of this region, various measures, such as the use of houses on 

stilts, have been explored to enhance earthquake resistance. These structures are designed to avoid direct exposure to 

seismic energy, according to several reports on Indonesian earthquakes. In the last two years, an in-depth investigation has 

been carried out to analyze the behavior and resistance of Bugis Traditional Houses to earthquakes. Although simulation 

and computational studies are still in progress, the results show that Bugis-Makassar House on stilts maintains an elastic 

state with a high level of performance. Therefore, this study aimed to investigate the mechanical behavior of Bugis-

Makassar stilt house structures using full-scale tests. During the investigation, experimental testing was conducted using 

house specimens measuring 1.5×2.3 m in the laboratory. A cyclic lateral loading analysis was performed using ISO 16670-

2003 as a guide. The results showed that cyclic lateral loads caused house structures to sway, while the timber experienced 

minimal damage. Both the hysteresis energy, 𝐸𝐻 to 𝐸𝐼, and the energy conversion ratio, GPE to ESE (𝐸𝑅), were found to 

be approximately balanced. This equilibrium suggested that seismic energy can be cyclically stored and released to reduce 

damage to structural elements. 

Keywords: Earthquake; Timber House Structure; GPE and ESE Energy (𝐸𝑅); Hysterical Energy; Input Energy. 

1. Introduction 

Indonesia is an archipelagic region with a unique geographical setting at a triple junction, where three actively 

moving tectonic plates converge in the form of faults and the most active volcanoes in the world [1]. The Pacific Plate 

moving relatively westward at a rate of 12 cm per year influences the geology of Sulawesi Island, resulting in complexity 

due to the intrusion of the Indo-Australian Plate into the relatively stationary Eurasian Plate at 7 cm per year in the north. 

This interaction creates various plate movements, including subduction pathways that actively contribute to earthquake 

activity as well as the development of local and regional faults. Over the past 20 years, Indonesia has garnered 

international attention due to catastrophic natural disasters that have destroyed the nation's infrastructure and claimed 

hundreds of thousands of lives [2]. Because Indonesia is located in the Ring of Fire, earthquakes frequently occur there 

[3]. The arc of Indonesia is part of the Pacific Ocean's Ring of Fire, where multiple tectonic plates are crashing together. 

On September 28, 2018, a powerful earthquake—one of the strongest since 1980—struck Palu, Sulawesi Island, 

Indonesia [4]. Widespread destruction was brought about by the 1.5 m tsunami waves that struck Palu and Donggala 

and the 7.5-magnitude earthquake that struck Central Sulawesi. Authorities in Indonesia estimate that the disaster 
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affected 2.4 million people. Surprisingly, the majority of Sulawesi's traditional homes survived this catastrophe [5, 6]. 

The Indonesian traditional house was shaped by its surroundings, which were reflected in peoples' daily lives and served 

as a symbol of their culture [7]. This strategic location makes Sulawesi Island and the surrounding earthquake-prone 

region in Indonesia. 

The seismic vulnerability was evident in the earthquake that struck Mamuju City on January 15, 2021. According to 

BMKG, this earthquake had an intensity of VI MMI, with peak vibrations measured at 150 gal (1.5 m/sec²), causing 

several buildings to collapse due to the damage. As shown in Figure 1-a, when an earthquake struck, the Mamuju 

Traditional House was still intact, sustaining only minor damage to the walls and other structural components. East Nusa 

Tenggara (NTT) also experienced an earthquake with a magnitude of 7.5 on December 14, 2021, due to a strike-slip 

fault system that reached South Sulawesi [8]. In this case, the NTT earthquake, as shown in Figure 1-b, caused the walls 

of a resident house to collapse, showing a neighboring wooden stilt house that was still standing. This comparison shows 

the crucial role of proper building design in preventing or minimizing fatalities during seismic events, emphasizing 

resilient structures [9]. 

 

Figure 1. a. Mamuju traditional house (Mamuju Earthquake) b. House of Walls and Selayar Island Residents' Wooden Stilt 

Houses (NTT Earthquake) 

Bugis-Makassar Stage Houses, along with the traditional form of Mamuju share several similarities, differing only 

in terminology due to dialect and language variations. Moreover, Bugis-Makassar houses are characterized by stilt-like 

shapes, gable roofs, and timpalajas with a specific number of arrangements, serving as a symbol of the owner's social 

standing. In terms of structure, the Bugis-Makassar houses are divided into three sections, namely the top portion or 

roof, middle, and bottom or pillar, which are comparable to the human body, representing head, body, and foot, 

respectively.  

Figure 2 shows the composition of the main structure, comprising multiple independently constructed (knock-down) 

parts. The cultural traditions of South Sulawesi have demonstrated efficacy in mitigating seismic activity in the past and 

may be able to withstand future seismic events in the area. When it comes to mitigating the effects of earthquakes in 

residential buildings, local knowledge is invaluable. It was discovered that the corridor (tamping) in Bugis-Makassar 

houses is the best place to evacuate [10].  

 

Figure 2. Structural Perspective of Bugis-Makassar Stilt Houses 

(a) (b) 
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However, the demand for quick and simple buildings has increased recently due to global events such as pandemics, 

migrant flows, resource depletion, increasing poverty, war, and natural disasters. These events have led to a need for 

modular and flexible knock-down houses that can be repurposed without sacrificing comfort or environmental 

sustainability [11]. 

Houses on stilts are considered earthquake-resistant due to the ability to avoid direct exposure to seismic energy. 

According to Doğan (2005) [12] and Doǧangün (2010) [13], it was established that traditional Turkish houses are more 

earthquake-resistant compared to contemporary constructions. However, wooden buildings and wood-frame 

construction have proven to be exceptionally resilient during earthquakes in various regions globally, including Turkey 

[14–17], the Indian Himalayan [18, 19], Nepal [20], Kaikoura, New Zealand [21], Japan [22], and Korea [23]. 

Traditional wood frame construction has shown better resistance to past earthquake events compared to unreinforced 

masonry walls [24]. Furthermore, traditional Chinese wood frame structures with wood panels (infill walls) show higher 

results regarding load capacity, stiffness, and better energy dissipation compared to frames without wood panels [25]. 

In light of current global occurrences pertaining to sustainability and environmental concerns, wood-framed 

structures are potentially carbon-absorbing structures of the future. According to research by Dzhurko et al. (2024), there 

is a significant reduction in carbon emissions during the building production stage when traditional mineral-based 

building materials are replaced with biomass-based materials like wood. It seems that newly constructed buildings 

composed of typological wood have a high potential for storing carbon within the building's main structure, which can 

increase the carbon sink capacity of surrounding neighborhoods or cities as a whole [26]. The research on novel 

structural systems for wooden buildings adds to our understanding of modern solid wood and hybrid wood structural 

system solutions and how they are used in multi-story wooden buildings. This is a novel development in the field of 

wood construction review [27]. 

An experimental analysis of the structural performance of traditional pre-Ming dynasty building construction at a 

scale of 1: 2 under cyclic lateral loads was carried out Meng et al. (2018) [28]. During testing, wooden structure showed 

observable swaying, with the column legs and mortise-tenon joints identified as the weakest points. The results indicated 

essential characteristics of wooden structures, including envelope curve, hysteresis curve, strength loss, energy 

dissipation, and lateral stiffness, with varied cyclic lateral loading programs. A comprehensive experimental study has 

also been conducted on the seismic performance of South Chinese traditional Chuan-Dou model wooden frames [29].  

The results showed that the Chuan-Dou model wooden frame performed regarding energy dissipation, strength 

degradation, and capacity deformation. However, the presence of insufficient lateral stiffness showed the need to address 

the critical role of joints in frame performance. Meng et al. (2019) conducted a full-scale experimental study on seismic 

performance, considering the vertical lifting of structures during lateral loading [30]. The results showed how large-

scale earthquake resistance is provided by the energy conversion to gravitational potential energy (GPE) mechanism in 

traditional Chinese wooden structures. Similarly, Sha et al. (2021) investigated the hysteretic behavior of Ancient 

Chinese multi-layer wooden structure construction through a full-scale substructure model comprising mortise-tenon 

joint frames and fork-column dou-gong joints that were tested under cyclic load [31]. The results showed that the dou-

gong layer's stiffness was 6.5 to 14.3 times greater than frame layer, absorbing a greater portion of the load displacement.  

In their experimental study on the inelastic behavior of mortise-tenon (SMT) joints in traditional wood frames with 

freestanding columns (CF), Yu et al. (2023) found that plastic deformation of wood frames primarily occurs at SMT 

joints perpendicular to the grain, with parallel plastic deformation having an impact on CF. Wooden frames exhibit 

trilinear properties in their lateral resistance, which makes them comparatively low [32]. The mutual friction between 

the mortise and tenon has a certain energy dissipation and shock absorption effect, according to additional experimental 

research by Ren et al. (2024) [33] on an experimental study on the strengthening of wooden pins in typical mortise-

tenon joints in ancient wooden frames. Additionally, the strengthening of wooden pins effectively controls the horizontal 

displacement of the frame wood, which is reduced by approximately 50%–62% compared to unreinforced wood frames. 

Additional experimental research on the seismic performance of through-tenon wood joints with shrinkage weaknesses 

in the tenons was carried out by Li et al. (2023) [34]. The results show that experimental curves of hysteresis, frame, 

energy dissipation, and stiffness were obtained; in addition, the damaged joints' rotational capacity, stiffness, and energy 

dissipation capacity were significantly lower than those of the intact joints [34]. 

Previous studies in the last two years on Bugis-Makassar Traditional Houses have focused on architectural form and 

space [35, 36], along with cultural society [37] investigating the behavior and earthquake resistance of the structures. 

Despite being in the simulation and computational stages, Puspitasari et al. (2022) [38] expressed concerns about 

insufficient structural strength. According to additional simulation studies, the performance and response analysis of 

Bugis-Makassar Stage Houses are still at a high level and in an elastic state [39]. Therefore, this study aimed to conduct 

a full-scale mechanical behavior analysis of Bugis-Makassar stilt house structures. 

There are structural and design differences between Bugis-Makassar wooden stilt houses and traditional wooden 

houses in China that affect how well they can withstand earthquake loads. Traditional Chinese wooden homes have 

stronger, stiffer structural components that can withstand the vibrations caused by earthquakes. The thick wooden walls 
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and curved tiled roof give the structure extra strength against the lateral forces produced by earthquakes. The stilt 

structure of traditional Bugis-Makassar stilt houses elevates the house above the ground, which may be advantageous in 

attenuating seismic vibrations that are absorbed by the earth. However, flat or sloping roof designs made of zinc or palm 

fiber might not offer the same level of defense against the lateral forces produced by earthquakes. Chinese wooden 

houses typically consist of hardwood materials like pine and cypress, which are more resilient to lateral pressure brought 

on by earthquakes. The majority of the wood used to build Bugis-Makassar stilt houses comes from the surrounding 

area. Woods like teak, ironwood, meranti, and bitti are more flexible than hardwood and are better at absorbing 

earthquake vibrations. But the wood's strength and quality must also be taken into account. 

An approach that combines the best features of both traditions while preserving their distinctive qualities may be 

necessary to bridge the structural gap between Bugis-Makassar wooden stilt houses and traditional wooden houses in 

China when it comes to withstanding earthquake loads. The best course of action is to conduct additional research to 

determine which wood species and building materials combine the best qualities of strength, elasticity, and earthquake 

resistance; to adopt structural design elements that have worked well in both traditions for example, utilizing the more 

durable support system of Chinese wooden houses while preserving the structural flexibility of Bugis-Makassar stilt 

houses and to conduct tests and earthquake simulations on engineered house models to make sure that the house's 

structure and design can withstand seismic activity. Combining these strategies can help close the structural gap that 

exists between Bugis-Makassar wooden stilt houses and traditional wooden houses in China in terms of how each 

cultural tradition responds to seismic loads while preserving its individuality and authenticity. This serves as the context 

in which the author will carry out additional experimental research. The purpose of this study is to conduct a full-scale 

mechanical behavior analysis of Bugis-Makassar stilt house structures. 

2. Materials and Method 

2.1. Materials 

The material objects for the stilt house structure in this study are obtained from Bulukumba Regency's eastern area. 

As shown in Figure 3, all structural elements, including pillars, tie beams, roof construction, floor, and ceiling support 

frames, are made of native Bitti wood. Natural habitats for bitti wood include Sulawesi, Maluku, Papua New Guinea, 

the Bismarck Islands, and the Solomon Islands. In addition to being fire resistant, bitti wood can regenerate after burning, 

suggesting the potential evolution into a more advanced species [40]. 

   

(a) (b) (c) 

Figure 3. (a) Bitti wood leaves and flowers, (b) Bitti wood stems, (c) Bitti wood structural components 

Burley et al. (2011) stated that Bitti wood (Vitex cofassus), Angsana (Pterocarpus indicacus), and Walnut (Canarium 

indicum) are classified as early successional trees [41]. Moreover, Bitti Wood Reference Strength for Fb 10.07 MPa, Ft 

8.90 MPa, Fc// 8.90 MPa, Fv 1.18, and Fc⊥ 2.37 MPa is derived from visual sorting. This information is included in the 

E 11 wood quality based on SNI 7973: 2013, where E_w = 11566.271 Mpa and E_min = 5405.821 Mpa. Specifically, 

Bitti Wood Reference Strength for Fb 95.40 MPa, Ft// 54.90 MPa, Ft⊥ 3.10 MPa, Fc/ /40.2 MPa, and Fc⊥ 88.30 MPa 

is derived from mechanical sorting [42]. 

2.2. Research Methodology 

The flow of research conducted in this study is presented in Figure 4. Bitti wood, commonly used in Bugis-Makassar 

stilt houses, serves as the foundation for constructing a full-scale wooden model. The design includes shape and 

structural dimensions, obtained from the structural model and Bugis-Makassar stilt houses as standard prototype test 

specimens [43]. The model comprises columns (alliri), bottom beam, top beam, bottom post beam, top post beam, and 

floor beam, as illustrated in Figures 5. The concrete floor is directly beneath the columns, mimicking the connections 

between free supports found in actual wooden buildings. Subsequently, columns are joined to beams and post beams 

using mortise-tenon connections and post-reinforcement. Aju lekke, Aju te, and sudduq serve as the parts constituting 

the roof frame structure, with sudduq having a pin support on the upper peg beam as a column. Table 1 lists the 

dimensions of wooden components, while Figure 5 shows details of the beam-column connection with peg 

reinforcement and sudduq with clamp supports on the top beam. 
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Figure 4. Research methodology flowchart 

Table 1. Size of Stilt House Structural Components 

Component Wood Size (cm) Extended (cm) Component Wood Size (cm) Extended (cm) 

Alliri (Column) 15×15 410 Sudduq (Middle pole) 15×15 118 

Arateng (Bottom beam) 6×12 255 Aju lekke (Peak beam) 6×12 330 

Bareq (Top beam) 6×12 255 Aju te’ (Inclined beam) 6×10 184 

Pattoloq riawa (Bottom peg beam) 6×12 196 Tunebba (Floor beam) 5×7 172 

Pattoloq riase (Top peg beam) 6×12 182 Pa’pasa (Peg)   
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(a) (b) 

 

(i). Design of Specimen Models: a) Frontal view, b) Side view; c) detail 1 - column-beam connection, d) detail 2 - column-beam connection 

 

(ii). Assembly of Structural Components the Bugis-Makassar Stage House 
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  (iii). 3D Specimen Model the Bugis-Makassar Stage House 

Figure 5. Details of the structure 

As part of the test preparations, test site specimens of house structural elements, such as columns, beams, and roof 

frames, were assembled. The assembled specimen is subsequently placed atop the initially installed support structure. 

Following that, the horizontal jack (actuator) installation is carried out. In order to prevent excessive horizontal twisting 

of the specimen, a horizontal stiffening rod is installed at the top of the specimen. The specimen and test frame can be 

seen in Figure 6. 

   

(a) (b) (c) 

Figure 6. Full-scale specimen test model (a) Side view, (b) Frontal view, (c) Top view 

2.2.1. Installing Testing Apparatus and Instruments, and Cyclic Lateral Loads 

In this study, cyclic lateral loads were applied using a displacement-controlled synchronous loading device with 

reference to ISO 16670-2003. Subsequently, specimens were subjected to lateral loads in pull-push directions until the 

yield limit was reached, followed by further loads to failure. Regarding ISO 16670-2003 [44], Figure 7 shows the load 
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test based on the type and service, using displacement-controlled method comprising phases of displacement cycles with 

progressively higher rates. The first displacement pattern consists of five single fully inverted cycles at displacements 

of 1.25%, 2.5%, 5%, 7.5%, and 10% of the maximum load specified in the standard. The second displacement pattern 

is composed of phases at displacements of 20%, 40%, 60%, 80%, 100%, and 120% of the maximum displacement 𝛥𝑚, 

each with three cycles of equal inverse amplitude. The horizontal deformation of 0.02H in the SNI earthquake building 

planning rules (SNI 1726-2019) serves as the basis for determining 𝛥𝑚 in this study. 

 

Figure 7. Loading type and load service, load test according to International Standards Organization (ISO 16670-2003) 

Deflection and strain gauges are the two types of testing instruments used in this study and their locations are shown 

in Figure 8. The FLK 2.12 strain gauge is used for wood, positioned five centimeters from the column's edge at each 

intersection of the beam and column. A Linear Variable Displacement Transducer (LVDT) with an accuracy of 0.005, 

0.01, and 0.02 was used as the deflection measuring device. To measure the horizontal deflection provided by an actuator, 

1 (one) LVDT with an accuracy of 0.02 was mounted on the steel frame. Measurement of the horizontal deflection of 

the column elements was carried out using four LVDTs with an accuracy of 0.01 placed in the Alliri (column) area. The 

vertical deflection of the two beam elements in the Arateng area was measured using an LVDT with a 0.005 accuracy. 

Furthermore, the hydraulic jack (actuator) with a 1200 KN capacity and a maximum pushing and pulling distance of 20 

cm each was used as the load-bearing apparatus. Additional equipment included a computer with a monitor, a data logger 

of type THS 1100, and a switching box of type SHW 500. 

  

Figure 8. Placement of testing instruments (strain gauge) and LVDT 

Installing the testing instruments and equipment networks as depicted in Figure 9. Data from every kind of instrument 

used is fed into the computer once all of the specimen's data cables have been connected to the switching box. The 

computer's data entry format is displayed in Figure 10. 

-100.00

-80.00

-60.00

-40.00

-20.00

0.00

20.00

40.00

60.00

80.00

100.00

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55

D
is

p
la

c
e
m

e
n

t 
(m

m
)

Cycle



Civil Engineering Journal         Vol. 10, No. 06, June, 2024 

1773 

 

 

Figure 9. Equipment and instrument network installation (Instruction: Manual of Static Servo Controller System) 

 

Figure 10. Format for filling in instrument data 

3. Result and Discussion 

3.1. Deformation and Cracks 

3.1.1. Deformation 

The column legs showed swaying characteristics under cyclic lateral loads due to the use of free support placement 

in wooden structures. The main cause of lateral displacement in each test cycle was attributed to sway of the column, 

while beam and post connections moved translationally. The typical deformation of tested wooden stilt house structure 

is shown in Figure 11. Meanwhile, Figure 12 showed a 50 mm slippage between the column foot and the concrete floor 

during the test. 

 

Figure 11. Deformation of the structure of wooden stilt houses 
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Figure 12. Translation of columns during testing, (a) before testing, (b) after testing 

During the testing procedure, wooden structures showed capacity of returning to starting position without the 

assistance of external forces. This phenomenon showed the exceptional deformation recovery ability of wooden 

structures, as observed from different lateral loads in this study. With post-reinforcement, the bending moments at 

mortise-tenon joints and rocking columns provided the majority of the restoring force for wooden structures. 

3.1.2. Cracks in Wooden Components 

All structural elements were undamaged and the majority of wooden structures maintained their elasticity. Figure 13 

shows plastic deformation and damage in the form of tiny cracks, which are particularly observed in the beam-column, 

column, and sudduq connection components. A maximum strain of 331.79 (𝜀𝑚𝑎𝑥) and a minimum strain of 98 (𝜀𝑚𝑖𝑛) 

was also observed, indicating the significance of the connection in lowering seismic energy. 

 
                                                     (a)                            (b)                               (c)                              (d) 

 
                                                     (e)                            (f)                               (g)                              (h) 

Figure 13. Cracks in structural components, (a-b) Connections between beams and columns, (c-d) Columns, and (e-h) Sudduq 

3.2. Hysterical Behavior 

Hysteretic curve is the result of testing structures against cyclic lateral loads occurring frequently. Figure 14 shows 

hysteretic loop graph, which results in a load capacity (P_peak) of 6.06 kN for the compression cycle (+) and 3.3 kN for 

the tension cycle (-). Specifically, cycle 13 has a maximum average load of 4.70 kN, a maximum displacement of 67.38 

mm, and 72.98 for the (+) cycle, and (-) cycle, respectively. Hysteresis graphs from cycles 11, 12, and 13 have the same 

curve shape, as shown in Figures 15 to 17. After 13 cycles of displacement control, the cyclic testing results for the 

specimens were approximately in line with the original plan on average for each cycle. The peak strength capacity, 

stiffness reduction, ductility, and energy dissipation are among the structural performance parameters caused by cyclic 

lateral loads, as shown in the curve in Figure 14. 
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Figure 14. Loop and skeleton hysteresis curves 

 

Figure 15. Cycle 11 loop hysteresis curve 

 

Figure 16. Cycle 12 loop hysteresis curve 
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Figure 17. Cycle 13 loop hysteresis curve 

A definite pinch is observed in the curve when the lateral displacement (𝛥) is at a deviation ratio of 1.25% - 40%, or 

-20 mm ≤  𝛥 ≤ 20 mm. During this phase, wooden structure is in the elastic stage, with the friction movement between 

the mortises and tenons serve as the primary source of energy dissipation, resulting in minimal energy loss. As the lateral 

displacement (Δ) exceeds 20 mm, the curve tends to take on a similar shape, showing the influence of melting on wooden 

structures. Except for friction movements, the majority of the plastic deformation in the yield stage occurs in wooden 

beam-column joints and pin components, increasing energy dissipation of the structure. This leads to a more complete 

hysteresis loop, with curves overlapping for every cycle, specifically in the three-loop cycle tests. The main reason for 

this resemblance is the rocking motion, effectively preventing damage to the rigidity and bearing capacity of wooden 

structures. Although at drift ratio of approximately 160%, wooden structures encounter more load paths, there is no 

discernible drop in lateral load. Specifically, after cycle 13, the test showed that the stability and integrity wooden frame 

structure remained intact. 

3.3. Vertical Movement during Lateral Loads 

According to tests conducted, wooden structures above the column moved very stiffly, shifting both laterally and 

vertically due to swaying under lateral loads. Figure 18 shows the history of vertical displacement in the beam due to 

the movement of the structure vertically. Despite appearing in translation, these movements suggested that the 

component above the column was tilting. As the cyclic amplitude increased, both the positive and negative vertical 

displacements showed a consistent rise, which was significant at cycle 13. Based on the results, the minimum negative 

vertical displacement was measured at 1.86 mm, while the maximum positive vertical displacement reached 4.28 mm. 

 

Figure 18. Vertical displacement history 
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The relationship between the test cyclic amplitude and the vertical displacement obtained is shown in Figure 19, 

indicating the increasing trend of wooden structures in all directions. The vertical displacement is negligible and can be 

disregarded when the cyclic amplitude is small, as shown in the positive direction. These results showed that the load 

of the roof structure has no effect on the structural qualities or rocking. 

 

Figure 19. Relationship between vertical displacement and cyclic amplitude 

3.4. Yield Displacement and Yield Force 

The yield force and yield displacement of specimens K1 (left front column), K2 (right front column), K3 (left rear 

column), and K4 (right rear column) are obtained from the ultimate force and displacement relationship diagram in 

Figure 20. The methods used for the analysis are shown in Table 2, including the Karabely and Cettotti (K and C) 

method, the European Committee for Standardization (CEN), the Commonwealth Scientific and Industrial Research 

Organization (CSIRO), and the Equivalent Energy Elastic-Plastic Curve (EEEP). 

 

Figure 20. Force and ultimate displacement relationship 
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Table 2. Values of Yield Force and Yield Displacement 

Examine Items 

K&C Method CEN Method CSIRO Method EEEP Method 

𝑷𝒚 

(kN) 

𝚫𝒚 

(mm) 

𝑷𝒚 

(kN) 

𝚫𝒚 

(mm) 

𝑷𝒚 

(kN) 

𝚫𝒚 

(mm) 

𝑷𝒚 

(kN) 

𝚫𝒚 

(mm) 

K1+ 3.023 14.03 3.15 13.03 2.95 13.31 4.84 21.50 

K1- -1.66 -7.95 -1.4 -4.55 -1.44 -4.81 -2.65 -9.45 

K2+ 3.023 13.50 3.30 13.75 2.93 13.06 4.84 20.75 

K2- -1.66 -8.02 -1.38 -4.35 -1.45 -5.06 -2.65 -8.67 

K3+ 3.023 13.03 2.95 11.95 2.92 12.31 4.84 19.50 

K3- -1.66 -8.35 -1.38 -4.57 -1.46 -4.94 -2.65 -8.35 

K4+ 3.023 12.03 3.25 11.75 2.95 11.69 4.84 18.30 

K4- -1.66 -9.36 -1.35 -4.15 -1.44 -4.98 -2.65 -9.46 

3.5. Ductility of Structural Components 

The mass, stiffness, and capacity of structures to absorb seismic energy influence the reaction earthquake. 

Specifically, rigid structures tend to attract large internal forces, thereby reducing the effects of earthquakes. The ability 

of structures or structural elements to pass through inelastic deformation repeatedly while retaining the majority of their 

initial strength when supporting loads is known as ductility. 

Table 3. Ductility of Structural Components 

Examine 

Items 

Maximum 

displacement 

K&C Method CEN Method CSIRO Method 

Yield 

displacement 
Ductility 

Yield 

displacement 
Ductility 

Yield 

displacement 
Ductility 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

K1+ 47.73 14.03 3.40 13.03 3.66 13.31 3.59 

K1- -40.51 -7.95 5.10 4.55 8.90 4.81 8.42 

K2+ 49.6 13.5 3.67 13.75 3.61 13.06 3.80 

K2- -29.89 -8.02 3.73 4.35 6.87 5.06 5.90 

K3+ 33.34 13.03 2.56 11.95 2.79 12.31 2.71 

K3- -48.71 -8.35 5.83 4.57 10.66 4.94 9.87 

K4+ 34.56 12.03 2.87 11.75 2.94 11.69 2.96 

K4- -53.26 -9.36 5.69 4.15 12.83 4.98 10.71 

Ductility of Structural Components (Advanced) 

Examine Items 
Maximum displacement 

EEEP Method Average 

Yield displacement Ductility Yield displacement Ductility 

(mm) (mm) (mm) (mm) (mm) 

K1+ 47.73 21.5 2.22 15.47 3.09 

K1- -40.51 -9.45 4.29 -6.69 6.05 

K2+ 49.6 20.75 2.39 15.27 3.25 

K2- -29.89 -8.67 3.45 -6.53 4.58 

K3+ 33.34 19.5 1.71 14.20 2.35 

K3- -48.71 -8.35 5.83 -6.55 7.43 

K4+ 34.56 18.3 1.89 13.44 2.57 

K4- -53.26 -9.46 5.63 -6.99 7.62 

The displacement ductility, defined as the ratio of ultimate displacement (Δ𝑢) to initial yield strength (Δ𝑦) was used 

to analyze ductility value of each specimen in this study, as shown in Table 3, including Figures 21 and 22. The results 

showed that the right front column (K2+) had the maximum ductility value under compressive load, with a value of 

3.25. Meanwhile, the rear right column (K4-) had the maximum ductility value under tensile load, 7.62. Table 4 classifies 

each test object's column ductility according to the average value of individual conditions. 
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Figure 21. Column structural components' ductility (+) 

 

Figure 22. Column structural components ductility (-) 

According to the ASCE 41-17 classification, components with a ductility value of less than two fall into the low 

category. Meanwhile, values between two and four are classified as medium, and values greater than four are considered 

high [45]. The average ductility of wooden structural column specimens obtained in this study was included in the high 

ductility category based on the classification. 

Table 4. Test specimens’ ductility classification in accordance with ASCE 41-17 
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K&C Method CEN Method CSIRO Method EEEP Method Average 
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K3- 5.83 10.66 9.87 5.83 7.43 High ductility 
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K4- 5.69 12.83 10.71 5.63 7.62 High ductility 
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A more comprehensive understanding of the seismic behavior of Bugis-Makassar stilt timber structures can be 

obtained by comparing the results of full-scale experimental tests with analytical or computational models. Because full-

scale experimental tests involve actual physical structures, they typically offer a more direct picture of seismic behavior. 

Conversely, analytical or computational models offer more control over specific variables and enable virtual testing 

under a variety of circumstances. Pre-test analysis was done with the ETABS application, just like in Figure 23. The 

base force, which is significantly higher than the experimental test results at 89.15 KN, is demonstrated by the results. 

 

Figure 23. Pretest analysis using the ETABS numerical application 

3.6. Analysis of Seismic Mechanisms Based on Energy 

3.6.1. Energy Equation 

The energy relationship in a structure can be expressed as follows after an earthquake: 

𝐸𝐼  = 𝐸ξ + 𝐸𝐾  + 𝐸𝐻 + 𝐸𝐸  (1) 

where 𝐸𝐼  is the input energy, 𝐸ξ is the damping energy, 𝐸𝐾  is the kinetic energy, 𝐸𝐻 is the hysteretic energy, and 𝐸𝐸  is 

the elastic strain energy (ESE), according to Uang and Bertero (1988, 1990) [46, 47]. Since the velocity in this equation 

is almost zero, or v = 0.15 mm/s, 𝐸ξ and 𝐸𝐾 , are disregarded during the cyclic tests carried out. Furthermore, the results 

show that under lateral loads, wooden structures undergo uplift, where a portion of energy applied to the structure during 

loading is transformed into gravitational potential energy (GPE) and stored. Consequently, the energy equation for a 

wooden structure in cyclic testing can be expressed as follows: 

𝐸𝐼  = 𝐸𝐻 + 𝐸𝐺  + 𝐸𝐸  (2) 

where 𝐸𝐻 is the hysteretic energy dissipated by wooden structure due to friction and plastic deformation of wooden 

components. 𝐸𝐺  and 𝐸𝐸  are the converted GPE and elastic stress energy (ESE), respectively, and 𝐸𝐼  is the total energy 

input to wooden structures by lateral load. Specifically, the recoverable energy stored in the structure is represented by 

𝐸𝐺  and 𝐸𝐸 , which are integrally denoted as 𝐸𝑅. Figure 24 shows the graphical representation of displacement and load. 

 

Figure 24. (a) Illustration of 𝑬𝑰, (b) 𝑬𝑹 and 𝑬𝑯 
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3.6.2. Total Energy Input 𝑬𝑰 

The work performed by lateral loads can be used to express the total energy input of a wooden structure. The 

expression is computed as the area of the shaded region in Figure 24-a for every cycle, an example of the energy input 

during the previous three cycles. In all tests shown in Figure 25, the input energy rises linearly with increasing cyclic 

amplitude. 

 

Figure 25. Input Energy (𝑬𝑰) 

𝐸𝐼  was 276.84 kNmm in Cycle 11, 342.47 kNmm in Cycle 12, and 558.404 kNmm in Cycle 13, according to the 

computation results. 

3.6.3. Hysterical Energy (𝑬𝑯) 

The area of the shaded area of hysteresis curve, as shown in Figures 26 to 28, is used to calculate hysteretic energy. 

𝐸𝐻 in Cycles 11, 12, and 13 was 164.75 kNmm, 201.25 kNmm, and 197.45 kNmm, respectively, according to the 

computation results that matched the hysteresis energy graph. This showed that as the cyclic amplitude increased during 

the test, along with energy dissipated by wooden structure. The increase can be attributed to the increase in lateral 

displacement, leading to plastic deformation of orthogonal contact surfaces and relative slip between components. Figure 

29 shows hysteretic energy to input energy ratio for the last three cycles. 

 

Figure 26. Hysteresis energy of wooden house structures (Cycle 11) 
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Figure 27. Hysteresis energy of wooden house structures (Cycle 12) 

 

Figure 28. Hysteresis energy of wooden house structures (Cycle 13) 

The conversion of the total input to hysteretic energy showed a balanced contribution from elastic strain and 

gravitational potential energy. All ratios are below 70%, with a mean of 51%, consistently declining over the last three 

cycles as amplitude rises, with cycle 13 experiencing a sharp decline reaching 34%. These results suggested that in 

cycles where the cyclic amplitude is greater than the elastic limit, wooden structure dissipates the input energy at an 

approximately constant ratio. 

 

Figure 29. Ratio of Hysteresis Energy (𝑬𝑯) to Input Energy (𝑬𝑰) 
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There are numerous important practical implications of the energy conversion mechanism used to increase the 

earthquake resistance of Bugis-Makassar wooden stilt house structures. Wooden stilt house constructions can be 

engineered to more efficiently absorb and redirect seismic energy through the use of energy conversion mechanisms. In 

the event of an earthquake, this can lessen the load on the main structure and preserve the building's structural integrity. 

During earthquakes, energy conversion devices can lessen the structural damage done to wooden stilt homes. It is 

possible to reduce damage to the main structure and other significant components by building a system that can absorb 

vibration energy. Residents of wooden stilt houses will feel safer during an earthquake because of their increased 

resistance to seismic activity. The chance of harm or even death from a building collapsing can be decreased if a structure 

is able to withstand and not collapse. Energy conversion mechanisms have the potential to lower repair and maintenance 

costs following an earthquake by mitigating structural damage. This can be a significant factor, particularly for local 

communities that reside in seismically vulnerable areas like Bugis-Makassar, where seismic activity poses a serious risk. 

Enhancing the resilience of wooden stilt houses to earthquakes can also lead to more environmental sustainability. 

Because earthquake-resistant homes typically need fewer repairs and upkeep over time, the environmental impact of 

building construction and repair can be minimized. Energy conversion mechanisms can significantly improve resilience, 

safety, and sustainability when incorporated into the design and construction of wooden stilt houses in earthquake-prone 

areas like Bugis-Makassar. 

3.6.4. Energy conversion Elastic Tension Energy and Gravitational Potential Energy (𝑬𝑹) 

The energy that can be recovered and stored within a structure is known as 𝐸𝑅, or the conversion energy between 

gravitational potential energy (GPE) and elastic stress energy (ESE). The expression of the conversion energy is 

computed as the area of shaded region in Figure 24-b for every cycle. In this study, 𝐸𝑅 was 107.10 kNmm, 141.22 

kNmm, and 360.95 kNmm, in Cycles 11, 12, and 13 respectively, according to the computation results. 

 

Figure 30. Ratio of GPE and ESE (𝑬𝑹) to Energy Input (𝑬𝑰) 

The results show that throughout the test, the cyclic amplitude of the energy stored in wooden structure increased. 

Figure 30 shows the ratios of 𝐸𝑅 to 𝐸𝐼  for the previous three cycles, which are below 70%, with an average of 47%. 

Consequently, when earthquake occurs, energy conversion mechanism to GPE and ESE is less than hysteresis energy, 

showing a lower possibility of cracking in wooden structural components. 

Traditional wooden houses can perform better seismically in a number of ways thanks to research on the significance 

of mechanical energy conversion in enhancing the earthquake resistance of wooden stilt house structures. The 

development of technologies that can be used in the construction of traditional wooden houses can be facilitated by 

research on efficient energy conversion mechanisms. Traditional wooden building designs can incorporate technology 

made expressly to absorb and redirect seismic energy. The structural design of traditional wooden houses could be 

influenced by discoveries about energy conversion mechanisms to increase their earthquake resistance. To improve 

seismic performance, this can entail modifying the overall structural configuration or adding structural elements that 

can absorb earthquake energy. Although wood is the primary material used in traditional wooden houses, contemporary 

materials with good energy conversion qualities can also be used. For instance, the seismic performance of wooden 

homes can be enhanced by the installation of contemporary vibration dampers or bearings composed of composite or 

elastomeric materials. It's critical to inform traditional log home builders about the value of applying new technologies 

in design and construction as well as the significance of seismic performance.  
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Traditional wooden houses can be made more earthquake-resistant by receiving training on how to incorporate 

energy conversion principles into building practices. The seismic performance of traditional wooden house structures 

can be assessed through dynamic testing or simulated earthquake test methods. The public can feel more confident about 

the safety and dependability of traditional wooden houses when they are certified as earthquake-resistant. Through the 

application of energy conversion mechanism research findings in traditional wooden house construction and design, we 

can enhance the seismic performance of these structures and raise the safety of residents in areas vulnerable to 

earthquakes. 

4. Conclusions 

In conclusion, this study showed the significance of the energy conversion mechanism in enhancing the seismic 

resilience of wooden structures. Based on the analysis conducted, the following information was obtained regarding the 

seismic behavior of Bugis-Makassar stilt house structures. 

• Lateral loads caused sway in wooden structures but showed resistance to damage due to the weak energy 

dissipation capacity caused by their rocking behavior. With the restoring force supplied by the column sway and 

the bending moment of the post-reinforced mortise-tenon connection, the wooden structure showed excellent 

deformation recovery. 

• Lateral loads led to lifting in wooden structures, causing an increase in displacement along with column inclination. 

Although small vertical displacement was obtained in the wooden structures, consideration must be taken when 

examining the seismic mechanism and the possibility of roof structure lifting. 

• According to the results, the Bugis-Makassar stilt house structures showed good structural behavior or 

characteristics such as strength, ductility, stiffness, and energy dissipation in response to seismic loads. 

• The input energy to wooden structures was divided into three components, namely: (1) hysteretic energy dissipated 

by the structure through plastic deformation and friction; (2) gravitational potential energy (GPE) converted 

through structural enhancement; and (3) elastic stress energy (ESE) converted by the elastic deformation of wood 

components. The hysteretic energy and ESE for the majority of the input energy were converted at small cyclic 

amplitudes, which were mostly transformed into GPE at large cyclic amplitudes. 

• The conversion ratio of hysteretic energy to input energy was 51%, while GPE and ESE (𝐸𝑅) to input energy was 

47% for large cyclic amplitudes. This approximately balanced ratio between 𝐸𝑅  and 𝐸𝐻 to 𝐸𝐼 , enabling the 

repetitive storage and release of seismic energy to reduce damage to structural elements. 

• Research on the seismic behavior of traditional Bugis-Makassar wooden stilt houses may move forward with the 

creation of models and repair strategies. Next, a more precise model to forecast the seismic behavior of wooden 

stilt houses needs to be developed based on the findings of data analysis and the identification of determining 

factors. These models could be more complex experimental models, computer simulations, or mathematical 

models. The next step was to develop suitable repair or repair solutions after weaknesses in the seismic 

performance of wooden stilt houses were discovered in the form of tiny cracks, particularly in beam-column 

connections with post reinforcement. may involve the creation of new technology, adjustments to the structural 

design, or adjustments to the methods used in construction. Future research on the Bugis-Makassar stilt houses 

and seismic resistance can concentrate on a few specific areas, such as a detailed analysis of the impact of 

conventional building materials and methods on the seismic resistance of the stilt houses. This includes a thorough 

examination of the conventional materials' strength, elasticity, and dynamic behaviour. 
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