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Abstract. In Armenia, the rubble core method was used to build numerous extant
churches, several of which are used daily. However, the country has a high risk of
earthquakes, and some buildings are significantly likely to collapse owing to struc-
tural damage, including deterioration over time. In this study, detailed structural
assessments of the deterioration of two typical churches were conducted.

First, we discuss the on-site vibration measured and the vibration characteris-
tics identified using a detailed three-dimensional structural analysis of the church
of St. Hripsime. [1] The St. Hripsime church has large cracks inside and deteriora-
tion caused by water leaking from the inside due to the partial peeling of the south
side wall surface. We infer that the vertical cracks observed in the niche may have
been caused by previous small and medium-sized earthquakes. An analysis con-
sidering damage and deterioration quantitatively estimated a decrease in ultimate
strength.

Next, the vibration characteristics of Etchmiadzin Cathedral are presented,
and the findings of a detailed structural characteristics analysis assuming damage
and deterioration are described. The drums and domes of Etchmiadzin Cathedral
are elongated compared to the substructure and have four independent pillars in
the center. Finally, we discuss the results of an investigation of reinforcement plans
focusing on the earthquake damage to the dome and the drum components of these
churches.
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1 Structural Behavior of St. Hripsime Church

1.1 Analysis Model

The configurations of St. Hripsime Church are shown in Fig. 1. Tomaintain the accuracy
of expression of axial and flexural rigidities, a fine element subdivision was required (4-
noded brick element). In the computation, a total of 1,765,000 elements and 355,000
nodes with 1,065,000 d.o.f. were used for the full 3-D simulation model shown in Fig. 2
[2–6].

Fig. 1. Configurations of St. Hripsime Church.

(a) (b)

Fig. 2. FE mesh for the simulation of St. Hripsime Church: (a) outline of appearance, (b) outline
of inner view

In this research, the material characteristics of the structure with a rubble core were
assumed to be homogeneous slaked lime mortar as the first step of the examination.
In addition, tensile strength was assumed to be 1/10 of the compressive strength. The
assumed material properties in the computation are shown in Table 1.

1.2 Analysis Results

Identification of Eigenmode. By the eigenvalue analysis, calculated eigenmodes and
natural periods corresponding to the first, second, and thirdmodes are shown in Fig. 3 and



Estimating the Structural Characteristics 65

Table 1. Assumed mechanical properties in the analysis.

Young’s modulus 4.91 × 102 (N/mm2)

Poisson’s ratio 0.167

Mass density 1.08 × 103 (kg/m3)

Compressive strength
(criterion; Drucker Prager)

2.1 (N/mm2)

Tensile strength
(smeared crack model)

2.1 × 10–1 (N/mm2)

Table 2, respectively. By the on-site vibration measurement result using the microtremor
survey [7] and the numerical analysis result, the first and second vibration modes were
identified successfully.

Table 2. Eigen frequencies

Estimated by the Measurement Eigen Value Analysis

1st 2.9 (Hz) 3.116 (Hz)

2nd 3.7 (Hz) 3.653 (Hz)

3rd 4.8 (Hz) 4.647 (Hz)

)b()a(

(c) 

Fig. 3. Eigenmode of St. Hripsime Church: (a) First mode; translational, N–S direction, (b)
Second mode; translational, E–W direction, (c) third mode; torsional

Structural Performance under Vertical and Horizontal Loads. At first, the action
of the self-weight type load was evaluated by elastoplastic analysis (Mutoh, 2010).
The relationships between the factor for self-weight type load and displacements at the
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principal locations of the structure are shown in Fig. 4, along with the deformed shape.
From the obtained result, it may be seen that there are about five times as many ultimate
load margins as the self-weight type load and that the drum portion is the first weak point
of the structure.

)b()a(

Fig. 4. Load-displacement relationships and deformed shape to self-weight type load: (a) load-
displacement, (b) deformed shape, 1.0 times self-weight (deformation is enlarged 50 times)

Next, to estimate the outline of the earthquake-resistance performance, the charac-
teristics under lateral load are examined. The relationships between the factor for the
mass proportional uniform lateral load and displacements at the principal locations of
the structure are shown in Fig. 5. From the result obtained, it may be seen that there are
about 0.4–0.5 times as many ultimate load margins as the uniform lateral self-weight
type load (after the preceding vertical self-weight loading).

Fig. 5. Load-displacement relationships and deformed shape to self-weight type load

Estimated crack patterns around the ultimate strength for Y-dir. are shown with
incremental crack strains in Fig. 6.
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Fig. 6. Crack patterns due to the uniform lateral loads (1.0 times self-weight + C0 = 0.4–0.42
uniform lateral load), crack incremental (max. crack strain = 50000 µ)

Trial to Identify theObserved Structural Damage. Concerning St. HripsimeChurch,
a clear and wide-band vertical crack is observed in the wall between the niche and
room located in a corner. We tried to identify the structural cracks and found that the
simulated cracks, due to 1.0 times self-weight + uniform lateral load (Co = 0.2, Y
-dir.) show good agreement with the observed cracks (Fig. 7). According to the analysis
result, it is presumed that the penetrated vertical crack, which is observed may have been
generated resulting from themiddle-scale earthquakes experienced in the past. Although
the influence this damage has on the drop in ultimate strength is not judged to be urgent,
future detailed analysis is desired with continuous observation.

Fig. 7. Correspondence of the observed structural cracks and the simulated crack pattern

1.3 Investigation of the Appearance

In the outer wall of the southeastern corner, color changes presumed to be based on the
localized accumulation of moisture and exfoliation of an outer wall stone are seen and
presumed to have advanced in a comparatively short time (Fig. 8). It is judged that the
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portion concerned is clear also in the history of repair, and the specification andmeasures
to deal with the cause that is presumed to be the elution of internal mortar are required.

Fig. 8. Degradation of the outer wall in the southeastern corner

The implementation of a detailed evaluation of damage and degradation is desired
based on the internal investigation by non-destructive testing.

2 Structural Behavior of Etchimiadzin Cathedral

2.1 Analysis Model

The configurations of Etchimiadzin Cathedral are shown in Fig. 9 To maintain the accu-
racy of expression of axial and flexural rigidities, a fine element subdivisionwas required.
In the computation, a total of 1,045,000 elements and 218,000 nodes with 654,000 d.o.f.
were used for the full 3-D simulation model shown in Fig. 10.

)c()b()a(

Fig. 9. Configurations of Etchimiadzin Cathedral: (a) South Elevation, (b) Plan, (c) North-South
Section

The material properties in the computation are assumed to be identical to those used
for the simulations of St. Hripsime Church as shown in Table 1.

2.2 Analysis Results

Identification of Eigenmode. By the eigenvalue analysis, calculated eigenmodes and
natural periods corresponding to the total five modes are shown in Fig. 11 and Table 3,
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Fig. 10. FE mesh for the simulation of Etchimiadzin Cathedral: (a) outline of appearance, (b)
outline of inner view

respectively. At present, the identification of the eigenmode using the data measured
by the microtremor survey (Morikawa, 2013) is under analysis. In Table 3, index “A”
denotes the E–W direction and index “B” denotes the N–S direction, caused by the
asymmetry in the plan.

Table 3. Eigen frequencies

mode Period (Eigen Frequencies)

1 0.488 s (2.051 Hz) 1-A

2 0.487 s (2.052 Hz) 1-B

3 0.305 s (3.277 Hz) 2-A

4 0.280 s (3.573 Hz) 2-B

5 0.218 s (4.587 Hz) 3

Structural Performance under Vertical and Horizontal Loads. At first, the action
of the self-weight type load was evaluated by elastoplastic analysis (Mutoh, 2010).
The relationships between the factor for self-weight-type load and displacements at the
principal locations of the structure are shown in Fig. 12 along with the deformed shape.
From the result obtained, it may be seen that there are about 5.5 times as many ultimate
load margins as the self-weight type load and that the drum portion is the first weak point
of the structure.

Next, to estimate the outline of the earthquake-resistance performance, the charac-
teristics under lateral load are examined. The relationships between the factor for the
mass proportional uniform lateral load and displacements at the principal locations of
the structure are shown in Fig. 13. From the result obtained, it may be seen that there are
about 0.35 times as many ultimate load margins to the uniform lateral self-weight type
load (after the preceding vertical self-weight loading).
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Fig. 11. Eigenmode of Etchimiadzin Cathedral: (a) mode 1A; first, E–W direction, translational,
(b) mode 2A; second, E–W direction, translational, (c) mode 3; drum torsional

)b()a(

Fig. 12. Load-displacement Relationships and Deformed Shape to Self-Weight-Type Load: (a)
load-displacement, (b) deformed shape, 1.0 times self-weight (deformation is enlarged 50 times)

Fig. 13. Load-displacement relationships and deformed shape to self-weight-type load
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2.3 Investigation of the Appearance

In this church, the whole interior surface is covered by ornamentation so the inside is in
the situation of being hard to check for damage to the structure owing to the presence of
four independent pillars, and this feature is shown in Fig. 14.

Fig. 14. Inside views and an estimated stress concentration for pillars (von Mises stress for D.L.)

The long-term axial force of the four columns is relatively large, and this serves as
a point of evaluation of these structural properties. An examination of the influence of
long-term creep and the influence of different subsidence are indispensable.

When a pillar becomes a point of reinforcement on future examination, the method
by the addition of the reinforcing member and/or confinement by a steel plate, a carbon
fiber, etc. will also be assumed. In the case of examination, a prior structural analysis
will be directly effective.

The comparatively high dome and drum serve as key points for the vibration char-
acteristics. Although based on the magnitude of the earthquake assumed, generation of
damage in a dome and a drum portion is expected as is the evaluation of the behavior,
including underground reinforced concrete structure and evaluation of the connection
between the dome-drum portion and the substructure.

2.4 Examination of the Reinforcement Plan

In this type of church, there are many cases of damage to the dome and drum parts as
shown in Fig. 15, so we will examine the reinforcement plan for this part. Figure 16
shows the analysis model. The analysis model was modeled using shell elements, and to
conduct a detailed analysis, different thicknesses were set for each part in consideration
of irregularities such as decorations. As for the physical property values, the values in
Table 1 used in the analysis of the overall model were used.

Figure 17 shows the natural vibration modes. The natural vibration mode was the
first translational mode in the direction orthogonal to each of the first and second modes,
and the third mode was the torsional mode.

Since the damage around the opening of the drum part is considered to be sizable, a
continuous reinforcement plan was drawn up by closing the opening shown in Fig. 18,
and the reinforcement method was evaluated by numerical analysis. Reinforcement Plan
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Fig. 15. Dome
and drum

Fig. 16. Analysis
model

First (2.79 Hz) Second (5.31 Hz)

Fig. 17. Eigenmodes of the dome and drum Part

A reinforces the inside of the opening with steel materials, and reinforcement plan B
uses the opening with a grid-like frame and window glass.

The reinforcement effect is evaluated by response analysis. As an input waveform, a
.0 Hz sinusoidal acceleration was gradually increased and input. Table 4 shows the max-
imum input acceleration, and Fig. 19 shows the deformation and cracks. Reinforcement
plan A collapsed with an input less than the maximum input acceleration, but reinforce-
ment plan B was able to withstand up to about twice the input before reinforcement.
From the deformation and cracks, it was confirmed that deformation and damage to the
opening were not suppressed in reinforcement plan A, but deformation and damage to
the opening were suppressed in reinforcement plan B. In this report, a proposal for the
reinforcement of the dome and drum was proposed and evaluated by numerical analy-
sis. It was confirmed that the lattice-like frame and window glass reinforcement at the
opening have continuity and are effective.

(a)  (b)     (c)

window frame

(300 20)

window frame

(50 5)

Fig. 18. Reinforcement plans: (a) before reinforcement, (b) Plan A, (c) Plan B
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(a) (b) (c)

Fig. 19. Deformation and cracks: (a) before, (b) Plan A (c) Plan B

Table 4. Maximum input accelerations

before reinforcement 98 (cm/s2)

Plan A 72 (cm/s2)

Plan B 225 (cm/s2)

3 Conclusion

In this study, St. Hripsime Church and Etchimiadzin Cathedral were evaluated from the
viewpoints of the estimation of vibration characteristics, and current damage and load
capacity by numerical simulations using full 3-D FE analyses.

The results obtained for the two churches are as follows:
St. Hripsime Church:

1) Simulated eigenmodes (first and second for translational modes) were identified by
the measured data successfully, then the fundamental vibrational characteristics of
the structure were verified and the foundation of the future numerical analysis model
has been prepared.

2) It may be shown that there are about 0.4–0.5 times as many ultimate load margins as
the uniform lateral self-weight type load.

3) It is presumed that the penetrated vertical crack, which is observed, may have
been generated according to those middle-scale earthquakes experienced in the past.
Although the influence that this damage has on the drop in ultimate strength is not
judged to be urgent, future detailed analysis is desired with continuous observation.

Etchimiadzin Cathedral:

1) By the eigenvalue analysis, calculated eigenmodes and natural periods corresponding
to the total five modes are estimated and now identified using the measured data.

2) It can be seen that there are about 5.5 times as many ultimate load margins of the
self-weight-type load and that a drum portion is the first weak point of the structure.

3) It can be seen that there are about 0.35 times as many ultimate load margins as the
uniform lateral self-weight-type load.

4) The long-term axial force of the four columns is relatively large, and this serves as a
point of evaluation of these structural properties. An examination of the influence of
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long-term creep and the influence of different subsidence are indispensable. When
a pillar becomes a point of reinforcement by future examination, the method by the
addition of the reinforcing member and/or confinement by a steel plate, a carbon
fiber, etc. will also be assumed. In the case of examination, a prior structural analysis
will be directly effective. The comparatively high dome and drum serve as key points
for the vibration characteristics. Here, we proposed a reinforcement plan based on
vibration characteristics while minimizing changes to the interior and exterior of the
dome and drum.

The exfoliation of the internal mortar from the joint by aged deterioration is seen
everywhere, and even if the scale of the fall itself is small, it will be thought from now
on that examination of the influence it has on structural performance is indispensable.
The implementation of a detailed evaluation of damage and degradation is desired based
on the internal investigation by a non-destructive test.
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