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Abstract. The present paper discusses seismic behaviour of multi-tier pagoda temple. The
seismic behaviour was examined by different pushover analysis techniques including
adaptive pushover analysis. The case study objective is a five-tier pagoda. The studied
pagoda is built of timber frameworks and masonry walls. Masonry is composed of burnt solid
bricks and earthen mortar. The pushover analyses are conducted, taking into account
frictional behaviour between timber and masonry.

The research challenges two tasks. A first task deals with experiments on interface behaviour
between timber and masonry in earthen mortar. The study of the discussed interface
behaviour is not straightforward since few tests have been conducted on similar subjects. In
the present study, direct shear tests are performed. A second task coves pushover analyses of
the five-tier pagoda by means of FE analysis. The paper provides useful experimental data of
interface behaviour between timber and masonry in earthen mortar and also suggests
efficient strategies of seismic assessment of pagoda-type structures.

1 INTRODUCTION

The paper presents nonlinear static analysis adopted to a multi-tier pagoda structure.
Seismic behaviour of historical slender structures has been examined by researchers and
practitioners. Among various seismic assessment tools, pushover analyses have been one of
frequently used approaches [1]. Initial lateral force distribution patterns significantly
influence the results such as maximum responses and damage mechanisms [2]. Recently
advanced pushover analyses, including adaptive pushover analysis (APA) and multi-mode
pushover analyses, were aimed to be adopted [3,4]. It has been found effective in some cases
and however still the analyses encounter issues [5]. Further investigations are essential to
apply APA more reliably.

The case study objective is a five-tier pagoda, Kumbeshwar temple in Nepal. The structure
was seriously damaged by the 2015 Gorkha earthquake. The studied pagoda structure is
composed of masonry walls and timber frameworks. The masonry is composed of solid
bricks and earthen mortar. Sal timber is used for frameworks. Timber frameworks are
considered to improve the box behaviour. On the other hand, limited experimental
investigations have been conducted on interaction between timber elements and masonry
walls [6,7]. The present research consists of two phases: experimental and numerical phase.
The experimental phase examines interface behaviour between timber and masonry in
earthen mortar by direct shear tests. The mechanical characterisation of the timber and
masonry materials is conducted in advance of the direct shear tests. As for the numerical
phase, taking into account the experimental results, different pushover analyses techniques
are conducted on a pagoda structure. A particular attention is given on adaptive pushover
analyses. The obtained results are compared with the damage patterns and collapse
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mechanisms observed in the real structure. The experiments suggest friction angle and
cohesion of interface between timber and masonry in earthen mortar. The paper also aims to
contribute to efficient and realistic approaches to the seismic assessment of historical slender
structures including multi-tier pagoda type structures.

2 RESEARCH METHODOLOGIES

2.1 Application of different pushover analysis techniques

The present study compares three different seismic analysis methods. They are invariant-
force pushover analysis (IPA), adaptive pushover analysis (APA), and nonlinear dynamic
analysis (NDA). Comparison is made between IPA, APA and NDA in terms of horizontal
base acceleration, displacement and damage patterns. As for IPA, two force distribution
patterns were considered. One is proportional to the masses of the structure (m-1PA). The
other is proportional to the shape of the fundamental mode of the structure (®-IPA). As for
APA, the method proposed by Antoniou and Pinho [8] is considered. In the method, the
loading pattern at each step is incremented to that of the previous step. The load vector P: at a
load step t is achieved by adding to the load vector of the previous step Pt1 (existing loads in
equilibrium). The increment is calculated as the product between the current load factor
increment A, the current modal scaling vector F, and the nominal load vector Po, as presented
in the equation (1).

P, =P,y + AL F Py oy

2.2 Description of the case study objective

Kumbeshwar temple is a five-tier pagoda. The original temple was built around in 1392 as
a two tiered pagoda [9]. Three tiers were added over the two tiers in the 17th century. The
dimensions of the ground tier are 7.93x7.59 m?. The height of the walls of each tier is 7.80,
4.01, 3.38, 2.70, 2.31 m (ground, first, second, third, fourth, respectively). The total height of
the pagoda is 23.11 m including the pinnacle (Figure 1a). The pagoda is built of masonry
walls and timber frameworks. The masonry consists of solid bricks and earthen mortar. For
the frameworks, sal timber is used.

Kumbeshwar temple was severely damaged during the 2015 Gorkha earthquake. The
fourth tier was considerably damaged but still survived. The collapse of the fourth tier
occurred during the aftershock on May 12, 2015 (Figure 1b,c). The upper three tiers (second,
third, fourth) were under reconstruction since they were much more significantly damaged
than the lower tiers (first, second). In-situ visual inspection observed that pegs did not exist or
lost in connections between timber crossbeams and masonry walls. Description and drawings
of the temple are found also in [10,11].
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Figure 1: Kumbeshwar temple: (a) cross section [9], state before the 2015 Gorkha earthquake (b), after the
2015 Gorkha earthquake (c).

3 EXPERIMENTAL STUDIES

3.1 Characterisation tests of masonry materials

Uniaxial compression tests were conducted on bricks in accordance with European
standards [12]. The tested bricks were chosen since they had similar surface texture and close
density as those used for the studied pagoda. The bulk density was 1,750 kg/m®. The
dimensions of the tested prisms were 40x40x80 mm?3. A 300-kN autograph testing machine
was used for the loading [13]. The same testing machine was used for all the tests discussed
in the paper. The average compressive strength was 17.8 MPa. The average shape factor of
the prisms was 1.08 [12]. The coefficient of deviation (COV) was 17.6%.

Loam was used for the preparation of earthen mortar. Granulometric analysis was
conducted on the loam by a hydrometer method according to the Japanese Geotechnical
Society [14]. The grain size distribution curve is shown in Figure 2. The observed proportions
(sand, silt, clay) were 26.2%, 52.2%, 21.6% by weight.

Mechanical behaviour of earthen mortar was tested. Flexural tests were conducted, taking
into account the European standard [16]. Water content is a decisive factor for the strength of
earthen mortar [17]. In the tested cases, the water content was set to measure 15.0 cm by a
flow-table test. The dimensions of the prisms were 40x40x160 mm?. The prisms were cured
for 56 days. The volumetric shrinkage was 20.3%. Three-point bending tests were conducted.
The average flexural strength was 1.35 MPa. COV was 15.20%. The maximum flexural
strain was 1.22%. The flexural module at 1/3 of the peak strength was 0.18 GPa in average.
Immediately after the bending tests, uniaxial compression tests were carried out on the same
prisms. In total, 12 prisms were tested. The compressive strength was 3.82 MPa in average.
COV was 13.82%.
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Figure 2: Grain size distribution curve.

3.2 Mechanical characterisation tests of sal timber

Mechanical behaviour of sal timber was conducted, referring to the Japanese standard [18].
Two types of tests were conducted as follows: uniaxial compression tests parallel and
perpendicular to the grain and three-point bending tests. The uniaxial compression tests were
performed on prisms of 30x30x60 mm?2. The three-point bending tests were carried out on
prisms of 30x30x420 mm?3. The prisms were 836 kg/m? in bulk density.

The average compressive strength of two types (fco, fc90) were 55.1 MPa and 13.3 MPa.
COV was 8.23% and 5.86%. The maximum strain was (&0, €,90) 2.16% and 9.29%. The
modulus of elasticity at 1/3 of the peak strength (Ec,0, Ec.90) were 58.9 MPa and 7.4 MPa. The
average flexural strength was 125.6 MPa. COV was 5.4%. The maximum strain was 51.5%
in average. The average flexural modulus at 1/3 of the peak strength was 11.6 GPa.

3.3 Direct shear tests

Direct shear tests were performed to examine frictional behaviour between sal timber and
masonry in earthen mortar. The tests were conducted taking into account the European
standard for direct shear tests of masonry [19]. The tests aimed to reproduce a possible
situation of connections between timber crossbeams and masonry walls of multi-tier pagodas.
Thus, it is considered possible that connections between cross beams and walls rely only on
friction between two structural elements as discussed in Section 2.2.

The triplet specimens were prepared. The used bricks and sal timber were those tested as
discussed in Section 3.1, 3.2. In the middle portion of the specimen, a timber block was
placed (Figure 3a). The dimensions of the timber blocks were the same as the bricks. The
dimensions of the bricks were 50x85x185 mm?. The thickness of the joint was 10 mm. Three
different conditions of pre-compressive stress were considered (0.2 MPa, 0.6 MPa, 1.0 MPa).
Three specimens were tested in each condition of the pre-compressive stress. The stress was
provided by the jig composed of two steel plates and four steel bolts (see, Figure 3a). One
plate was placed at the top of the specimen while the other at the bottom. The steel plates
were connected by the four bolts. The value of pre-compressive stress was confirmed by
measuring the torque of the nuts. It is noted that the dilatancy of the specimen was considered
negligible since the sliding of the timber block occurred at a very low value of the loading.

The average observed shear strength was 0.07, 0.2, 0.33 MPa respectively. All the tested
specimens showed shear failure in the mortar bond area on the timber face (Figure 3b).
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Figure 3: Initial shear strength test: (a) failure of a specimen and (b) normal and shear stress relation.
4 PUSHOVER ANALYSES

4.1 Material models

The considered material parameters for the present study are shown in Table 1. The
parameters of the timber were determined, considering the Nepalese building code (NBC)
[20] and characterisation tests discussed in Section 3.2. The parameters of the brick masonry
were chosen in accordance with the previously conducted masonry material characterisation
tests [21] and NBC [15]. Empirical equations were also taken into account [22,23]. To
determine the material parameters, sensitivity analyses were carefully performed. Two types
of masonry were considered, referring to the construction history and damage state discussed
in Section 2.2. They are named type L and R in the present paper. The type L represents
masonry of limited strength. The compressive strength is 1.6 MPa. The tensile strength is 5%
of fc. The modulus of elasticity is 150 times fc. The type R represents masonry of reasonable
strength. The compressive strength is 3.2 MPa. The tensile strength is 5% of fc. The modulus
of elasticity is 250 times fc. The masonry walls of the upper three tiers (second, third, fourth)
have the properties of type-L masonry. Those of the lower two tiers (ground, first) have the
properties of type-R masonry.

As for the failure criteria, the von Mises plasticity model was adopted to the timber in
compression and tension. The smeared crack model was adopted to the brick masonry.
Drucker-Prager criterion was considered in compression while Rankin criterion in tension. A
linear softening curve was considered in tension for uniaxial behaviour. The fracture energy
was set as 25 N/m for the masonry type L (50 N/m for type R) in tension.

Interface behaviour was considered between the timber cross beams and masonry walls.
The considered interface behaviour was determined in accordance with the tests discussed in
Section 3.2. The Mohr Coulomb friction model was adopted. For the normal linear stiffness,
100 N/mm? was considered and 50 N/mm? for the shear linear stiffness. The considered
friction angle was 18.9° (tang=0.33). The value of the tensile strength of the masonry was
considered as the value of cohesion. Both geometrical and material nonlinearity were adopted.
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Table 1: Adopted material parameters

brick masonry  brick masonry  timber

(type A) (type B)
Modulus of elasticity (GPa) 0.4 0.8 15
Tensile strength (MPa) 0.08 0.16 40
Compressive strength (MPa) 1.6 3.2 40
Poisson ratio (-) 0.2 0.2 0.3
Unit weight (kg/m?3) 1,800 1,800 900

4.2 Description of the FE models

The FE model was created in the software of TNO DIANA [24]. The model is composed
of 29,563 nodes, 18,579 eight-node brick solid elements, 2,893 two-node beam elements, 253
four-node shell elements, 64 eight-node shell interface elements and 2,883 mass elements
(Figure 4a). The solid elements were used for the masonry walls. The beam elements were
for the timber columns and roof members. The shell elements are for timber cross beams. The
mass elements were positioned on the beam elements representing the roof rafters as the dead
weight of the ceramic tiles, mud and corrugated steel. The timber doors and window panels
were not discretised in the model. As for the roof, the timber rafters, joists and beams were
only discretised. Taking advantage of the symmetry of the structure, a half model is used. The
cross sections of the model were translationally constrained in the Y direction and
rotationally constrained around the X and Z direction. The model is fully constrained along
the bottom of the structure.

The analyses were adopted to two models of different conditions. One has rigid
connections between timber crossbeams and masonry walls of the ground- and first-tier. It is
named the rigid connection model (RiC model). The other has frictional interface connections
between timber crossbeams and masonry walls of the ground- and first-tier. It is named the
frictional interface model (FI model).

| ‘ b4
(b)

Figure 4: FE model of Kumbeshwar temple: (a) half model and (b) fundamental mode shape.

@

4.3 Application of invariant-force pushover analyses

Two types of IPA (m-IPA, ®-IPA) were adopted to the half model of Kumbeshwar temple.
Figure 3b shows the shape of the fundamental mode considered for the lateral force
distribution patterns of ®-IPA. As for m-IPA of RiC model, the maximum horizontal base
acceleration was equal to 0.227g. The corresponding displacement was 4.19 mm, 14.05 mm,
33.9 mm at the top of the ground-, first- and fourth tier, in turn (Figure 5a-c). Damage of the
ground tier indicated out-of-plane movement of the transversal walls and in-plane movement

-6-
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of the longitudinal walls over the entrance opening (Figure 6a). Damage patterns in the first
tier suggest out-of-plane movement of transversal walls. FI model showed lower values of
horizontal base acceleration and displacement than RiC model. The observed maximum
displacement values were 4.19 mm, 14.0 mm, 34.0 mm at the top of the ground-, first- and
fourth tier. The maximum horizontal base acceleration was 0.228g. Both RiC and FI model
showed similar damage patterns in the ground- and first-tier in spite of the difference of
damage intensity. However, only RiC model presented damage in the third tier (Figure 6b).

As for ®-IPA of RiC model, the maximum horizontal base acceleration was 0.093g. The
observed maximum displacement values were 1.84 mm, 12.5 mm, 67.1 mm at the top of the
ground-, first- and fourth tier. Figure 6¢ shows damage patterns along the corner of ground
and first tier due to out-of-plane movement. In-plane damage was also seen in the second and
third tier. Regarding FI model, the maximum horizontal base acceleration was 0.088g. The
observed maximum displacement values were 1.57 mm, 11.3 mm, 45.6 mm at the top of the
ground-, first- and fourth tier. FI model showed damage patterns similar to RiC model
although FI model showed lower damage severity (Figure 6d).

Influences of interface behaviour are discussed by comparing the results between RiC and
FI model. RiC model presented higher horizontal base acceleration and displacement than FI
model by m-IPA and ®-IPA. Nonetheless, RiC and FI model showed similar damage patterns
although RiC model presented much severe damage than FI model.

The observed damage patterns were slightly different between m-IPA and ®-1PA. As for
FI model, ®-1PA showed damage concentrated in the second tier in addition to the damage in
the corner of the ground- and first-tier. On the other hand, m-IPA showed damage only in the
corner of the ground- and first-tier. This damage contract would be derived from difference
of lateral load distribution patterns. The lateral load patterns of ®-IPA had more
concentration in the upper portion of the structure than those of m-IPA. On the other hand,
the ground tier presented close initial stiffness between m-IPA and ®-IPA. This comes from
that the lateral force distributions of m-IPA and ®-IPA are similar in the ground tier.
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Figure 5: Seismic analyses of Kumbeshwar temple: displacement-horizontal base acceleration relations at the
top of the ground tier (a), of the first tier (b), of the fourth tier (c)
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Figure 6: Tensile strain distributions close to the ultimate state: m-IPA of RiC model (a), of FI model (b), of ®-
IPA of RiC model (c), of FI model (d), APA of FI model (e) and NDA of FI model (f).
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4.4 Application of adaptive pushover analysis

APA was applied to FI model. The initial lateral load patterns (Po) were the shape of the
fundamental mode of the structure (Figure 4b). The maximum horizontal base acceleration
was 0.086g. The corresponding displacement values were 1.5 mm at the top of the ground tier,
13.5 mm at the top of the first tier and 66.5 mm at the top of the fourth tier (Figure 5a-c). The
model showed vertical damage in the corner of the ground- and first-tier (Figure 6e). In-plane
damage was also observed in the second tier.

APA presented horizontal base acceleration-displacement relations similar to ®-1PA.
However, the observed damage patterns were noticeably different (see Figure 6d,e). APA
showed slightly lower initial stiffness than ®-IPA from the beginning of the application of
the lateral forces. It is due to damage caused by dead load. Since the model had limited
strength as presented in Section3.1, certain damage already appeared during the application
of gravity to the model. It ended in a slight change of the initial stiffness between ®-IPA and
APA.

NDA was adopted to FI model. NDA of Kumbeshwar temple was originally presented in a
previously published conference paper [10]. In the present study, NDA was performed on the
model presented in Section 4.1, 4.2. The maximum horizontal base acceleration was 0.120g.
The observed maximum displacement values were 4.7 mm, 18.5 mm, 69.0 mm. APA and
NDA showed vertical damage along the window opening in the first tier (see Figure 6e,f).
However, the vertical damage was much extensive in NDA than APA. NDA showed
horizontal damage around the base of the second tier. Instead, APA presented diagonal
damage in the second tier. The difference of the damage in the second tier would come from
loading directions. The loadings of APA were monotonic while those of NDA were dynamic.

5 CONCLUSIONS

Direct shear tests were conducted to examine friction angle and cohesion of interface
between timber and masonry in earthen mortar. The tests presented reasonable friction angle
for such interface and nearly zero cohesion as expected. The tests were performed, taking into
account triplet test procedures for masonry materials. The specimens were composed of two
bricks and a timber block in the middle. As further experimental activities, larger-scale
specimens will be tested to examine interface behaviour more closely.

In the present study, pushover analyses were carried out on the models with and without
frictional behaviour between timber cross beams and masonry walls. Adoption of fictional
behaviour avoided overestimation of the capacity of the studied pagoda. However, the
conducted pushover analyses implied interface behaviour had to be carefully included in
models since the results were unignorably influenced by interface behaviour.

The studied pagoda showed damage due to in-plane and out-of-plane movement.
Vulnerabilities to in-plane movement were derived from large openings while vulnerabilities
to out-of-plane movement due to limited tensile strength. In the study, the load patterns of
APA were the shape of the fundamental mode. APA provided results closer to NDA than IPA
in terms of damage distribution patterns. However, it was found that the application of APA
was a time-consuming process. Eigenvalue analysis had to be run and load distribution
patterns were updated manually at each step accordingly. The initial lateral load patterns were
found to be a predominant factor to the analysis results. For the further research of APA,
different initial load patterns and updating methods will be studied. In addition for close
observations of results between pushover analyses and NDA, the application of N2 method
will be considered.
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