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ABSTRACT

This study aims to analyzéd collapse mechanism of an Ammu Hawutraditional Indonesian
house, which has palm woo@drassus flabellifer as its main material,by using Wallstat
program andcextended distinct element method. Wallstat is a collapse analysis program used to
det er mi ne damadestatlsm ilikelipadd of collapseduringn earthquake? total of

10 nodels weregeneratedor numericalsimulation Among them, 1 represented the original
structure, 4 were bracing reinforced models, and 5 were-gfahreinforced models. These
models were observednder the conditions of theEICentro (1940) and Kobe (199
earthquakesResults showed that tmeodels reinforced witlliagonal braimgsused at the first

story of the Ammu Hawu houseere significantlymore effectivein collapseprevention than

the shear walleinforcemenat the second story

Keywords: AmmuHawu traditional house; Bracingsxtended distinct element method;
Shear walls; Wallstat program

1. INTRODUCTION

Kinasi h et al. (2014) found that 2,081 eartl
(LSI) or Nusa Tenggara region at coording®S and 12€E during the 1900 to 2014 period

Among these earthquakes, 1,709 had43magnitude, 336 had 8%9 magnitude, and 36 had

a 6 8 magnitude. An earthquake visualization of the LSI region is preserftégline 1.

In general, factors that ilnfence the failure of traditional Indonesian houses due to earthquakes
include the following: proximity to the epicenter, local geological formation, high population
density, and imperfect construction (Ildham, 2010). Traditional timber houses were not
developed with structural engineering considerations, but they can withstand earthquakes
without damage to their structural components; one example was the OmoHadatraditional
house in North Sumatra province, which survived thenTagnitude Nias earthquakgSGS,

2009). These facts show that traditional houses that use timber materials as their main structural
components are able to satisfy earthquadsestant requirements (Awaludin, 2010 & Awaludin,
2012).

Although many timber structures have survived earthquakes, some of them have collapsed
probably due to the failure of connections. As lateral movement effects during earthquakes are
resisted by the stiffness of connections, the structure would collapesé connections are not
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strong enough(Triyadi & Harapan, 2009) Moreover, arthquakes areunpredictable and
unpreventable natural phenomena

Figure 1 Earthquake visualization of the LSI region from 1900 to 2014. Yellow dots indlicate< 5,
cyan dots represebt nix 6,and red dots indicate, O (l&inasih et al., 2014).

Therefore, unless scientific observation is performed, existing traditional structures may suffer
large lateal displacements in the future.

In this study,an Ammu Hawu traditional house in Nusa Tenggara Timur (NTT) province,
Indonesia was chosen as the research object. This house was built with timber as its main
material. To maintain the cultural heritage of Indonesian traditional houses and observe the
structural behavior of a specific building, the current situation ofAtnenu Hawu house was
analyzed in the context of the El Centro earthquake in 1940 and the Kobe earthquake in 1995.
This study also examined bracings and shear wall reinforcement to determine how the
reinforcement systems attract the lateral movement frentwib earthquakedhus, the current
structural behavior of the Ammu Hawu house can be assessed scientifically and used as a
reference in strengthening old heritage buildings against future earthquakes.

2. WALLSTAT MODELS

Threedimensional AmmuHawuhouse models were created and analyzed using the
Wallstatprogram based on extended distinct element method (EDEM), which is suitable for
large deformation analysis because it is aoontinuum analytical method (NakagawaOfata,

2003a, Nakagawa &hta, D03b). The Wallstat program is designed for timber structures
according to general frame wall principles. This program requires input values, such as
structural component settings (e.g., frame, brace, joint, springs, shear wall, and material
properties), ad structural weight and loadings, which are inputtednually by the user
(Nakagawa et 3l1.2010). A total of 10 models numbered 0 to 9 were generated and analyzed
using external forces of the two aforementioned earthquakes. Model O represents the origina
structure without reinforcement. Models 1 to 5 have various vertical-slalconfigurations

added (Table 1). Although the AmmuHawu house traditionally had no walls,vertical shear walls
were installed at the second story because they could also beassefeather protectionfor the
dwellers. For models 6 to 9 (Table 1), bracings were added by considering the symmetrical
position and nearest location to the center of the structure. The number of braces were gradually
increased to improve the stiffnedstive firststory structure.

3. RESEARCH METHOD

At the first stage previous related works were reviewed to understand the general structural
behavior of traditional timber houses. The literature review was followed by identifying the
Ammu Hawuhouse as the research object in terms of its geometry, history of collapse behavior
under earthquakes, and overall structural components. From this lsteppdition of the
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vertical shear wall and additional timber shear svaan be determinedy using Cashew
program, version 1.0. Then, 3D models of the house were generated using \paiptam,
version 1.09. All elements, including framevalls, and weight of the overall structure, were
simulated in the Wallstggrogram After the 3Dmodelsweredevdoped, partial experimental

Table 1 Verticabhearwall andbracingconfigurations

Model 3D Model Model 3D Model
No. No.

6
(Side view)

6
(Frontview)

7
(3D view)

7
(Front view)
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8
(Front view)

8
(3D View)

9
(Frontview)

9
(Side viewy

data and Cashew output results were inputted to the models as material properties. The collapse
mechanism of the house was then analyzed using the Waltstgitamand the output of the
analysis, including inertial forces of each member, was further examined and compared to its
capacity as defined by the Indonesian National Standard (S60).20

3.1. Identification Data of Ammu Hawu Traditional House Structure
Field survey conducted by the authors and research team &fTPdnpasafound an existing
Ammu Hawu house in Kampung Namata, as shown inrEig,

Figure2 Ammu Hawu traditional hous&(@wantara & Rusli, 2013)

The data structure from the survisypresentedn Figure 3. Ammu Hawu houses use palm
wood (Borassus flabellifer as their main structural material. This variety of wood is
characterized by tensile strength paraitegrain 65.90 MPa, tensile strength perpendictdar
grain 19.58 MPa, copressive strength parali-grain 50.66 MPa, compressive strength
perpendiculato-grain 11.54 MPa, shear strength 4.99 MPa, modulus of rupture 115.78 MPa,
moisture content 10.5045.12%, and density 0.82 kg/ém

The crosssection dimensions (diameter) dhe house are as follows: floor beam,
60mmx120mm; terrace and residence place beams, 50mmx150mm and 60mmx120mm,
respectively; easel and gable beams, 50mx120mm and 60mmx120mm, respectively; main and
secondary columns, 200mmx200mm and 150mmx150mm, resggctand rafter, 50 mm.

Joints are assumed to be spring type.Connection types 1 and 2 (Figure 4) were used, where the
breaking point of spring load and the breaking point of spring displacement were determined by
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approximating loadlisplacement curves ofi¢ experimental results under monotonic load, as
shown in Figure 5 (Awaludin& Pribadi, 2012). The representative data of the -load
displacement curves are reported in Table 2.
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Figure3 (a) Section AA (front view), and (b) Section B (side view)(Suwantara & Rusli, 2033

Connection between
pillar and roof beams
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pillar and floor beams
(type 1)

Base
1solation

Figure4 lllustration of typology of connection

In Wallstat the bracing and shear wall were also assumed to be spring type. The spring
parameters of the braces were determined by scaling up or down the sample model, while the
shearwall spring parameters were obtained from the dd0@glacement curves of cycliest
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results of the timber panel using Cashew, version 1.0. The representative data of the load
displacement curves are shown in Table 3 for the bracing and in Table 4 for the shear wall.
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Figure5 Monotonic experimental results of connection typesfl) @ad 2 (rightAwaludin&Pribadi,
2012)

Table 2 Representative data of ledidplacement curves of connection types 1 and 2

Parameter  Connection Type 1 Connection Type 2

Ksz (KN/m) 153.485 128.35
K s (kN/m) 22.057 40.83
K s (kN/m) 16.317 7118.53
Dy (mm) 27.69 8.96
D, (mm) 65.32 65.29

Table 3 Bracing spring parameters in WallgéBatilding Research Institute, 2010)

Pl(kN) Pz(kN) Ps(kN) P4(kN) Dl(m) Dz(m) D3(m) D4(m)
0.832 4.161 4.660 0 0.002 0.025 0.083 0.416

Table 4 Cyclic test results usi@ashew, version 1 Rwaludin&Pribadi, 2012)

Pl(kN) Pz(kN) Pa(kN) P4(kN) Dl(m) Dz(m) Ds(m) D4(m)
2.270 9.998 10.309 0.906 0.015 0.045 0.051 0.051

The column base or pillars of the Ammu Hawause are not directly in contact with the
ground but instead rest on stone. This condition could potentially lead to friction force. Thus, a
friction test was conducted by applying axial loads of 1, 2, and 3 tons, with lateral load applied
to the positio nearest to the stone foundation. The friction coefficient values are shown in
Table 5. The lateral loadisplacement curves of the friction test for théo axial load is
presented in Figre6. The representative data in &ig6 are shown in Table 6.

Table 5 Average value of friction coefficient at 1, 2, and 3 ton loading
(Suwantara & Rusli, 2033

Friction coefficient (n) in

Specimen Axial load Average
1 ton 2 ton 3 ton

Specimen 1 0.38 0.36 0.31 0.35

Specimen 2 0.18 0.59 0.52 0.43

Specimen 3 0.28 0.27 0.24 0.26

Average of all specimens 0.35
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Figure6 Loaddisplacement curve of friction test int@ axial load $uwantara & Rusli, 2033

Table 6 Representative data of ledidplacement curves of friction test witktdh axial
loadSuwantara Rusli, 2013

Parameter Friction test in 2on axial load

Ks1 (KN/m) 32000
Ks1 (KN/m) 2666.67
Ks1 (KN/m) 120000
D1 (mm) 5

D, (mm) 20

3.2. Combination of Bending and Axial Loading Structural Component

According toSNI (20®) Procedures for WooS8tructure Planning for Building BuildingBata

Cara Perencanaan Struktur Kayu Untuk Bangunan Gepurgfa version crosssection
resistance of structural components relative to bending and axial tension load must be
determined orboth tension and compresaisides when a review of lateral stability not
necessarynd when the axial tension force is not dominant enaugthe compression side,

such that lateral torsion buckling becomes decisine the following equatios must be
satisfied:

1. Tension side
T + Mux + MUV

I (T 1 fMs | My
“Note: Lateral stability interaction is assumed to have occurred.

¢1.0. (1)

2. Compression side

M . 2
uy — ¢10 (2
& M, 6
/ M - ux
¢ y? fblvle§
" Noteinteraction with axial tension force increases the esestion resistance to lateral
torsion buckling.

In Equationsl and 2,T.is the factored tension forcéN), Mu, Muy is thefactored bending
moment toward strong and weak axis directiidamm), Tois theadjusted tensile resistance
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(N), / is theload duration factqrf, is thébending resistance reduction factbtq, yM$the

adjusted bending resistance toward strong and weak axis, considering the datstialg
bracing(N-mm), Me is theelastic lateral buckling mome(i{l-mm), M @ =Ma&is calculated
using beam stability factdiC.), which is equal to 1.0 and considering volume factar, K&
mm.

For nonrectangular structural component#s factor in the irst term, where is height of the
component structure itself, must be replacedS@#, which indicates a comparison between
crosssection modulus at strong axis directi®&) @nd gross crossectional areaA).

3. Interactions at compression side withaxial tension force
If the axial force does not work simultaneously with the bending moment Bijeatior?
has to be fulfilled by assuming that the axial fofig,is equal to zero.

4. RESULTS AND DISCUSSIONS

Analysis and simulation models of the Amrmlawu house were tested on the basis of the El
Centro earthquake at point A&.,¥,z = 3.8 m,3.48 m 0 m respectively at the upper end of
column 81 and at point Btthe edge of beam 30as shown in Figre7.

Based on the outputatafrom Wallstat, model Gompletely collapsed at 18 s, as shown in
FigureB8. As illustrated in Figre9, the deformation of point A drastically moved along the time
duration. The base shear force and internal force reached their maximum point at a period
between 9 and 12 s, whidh close to the collapseme of the entire structure. The results
showed that maximum internal and base shear forces occurred at the same time when the
structurewasabout to collapse completely.

In this study, 10 models, including an original model andi@®with braces and shear walls,

were analyzed under titg# Centro (1940) and Kobe (1998&arthquake conditions. The analysis
considered the effects of the earthquakes on collapse time, base shear force values, internal
force values, and cros®ction controlsTable7 shows the collapse time of each modetier

the two earthqualee The resus$ indicate that, in terms of collapse tirtteg collapse mechanism

of the models reinforced with braces provide a better outcome than that of the models
reinforced by vertical shear wall

Figure7 Beam 301, point B, column 81, and point A (X, y, z&18, 3.48 m, 0 m)
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Figure8 Collapse behavior of model 0 due to El Centro earthquake

Table 7 Collapse time of each model under two earthquakes

Figure9 Wallstat program results for model O under El Centro earthquake

Model no. El Centro Status Kobe Status
(seconds) (seconds)
0 16 Collapsed 8 Collapsed
1 16 Collapsed 8 Collapsed
2 16 Collapsed 8 Collapsed
3 16 Collapsed 8 Collapsed
4 16 Collapsed 8 Collapsed
5 16 Collapsed 8 Collapsed
6 - Survived - Survived
7 - Survived - Survived
8 - Survived - Survived
9 - Survived - Survived
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