IOP Conference Series: Earth and
Environmental Science

PAPER * OPEN ACCESS You may also like
Seismic performance assessment based on '%ﬁiﬂﬁlﬁﬁ&?’%@?ﬁéﬁ?j““°a“°” e
. . . uang en an Inhui Jiang
displacement capacity of unreinforced masonry oy of panere
structures Ratepall R Sreemvasan e

- Concentration effects in the off-lattice

To cite this article: A Scupin et al 2021 IOP Conf. Ser.: Earth Environ. Sci. 664 012087 random ballistic deposition model
R Jullien and P Meakin

View the article online for updates and enhancements.

@ N =L DISCOVER
i = how sustainability

The : intersects with
Electrochemical
Society

Advancing solid state &
electrochemical science & technology

[ & 8l

This content was downloaded from IP address 18.118.45.162 on 07/05/2024 at 18:34


https://doi.org/10.1088/1755-1315/664/1/012087
https://iopscience.iop.org/article/10.1088/1742-6596/2472/1/012062
https://iopscience.iop.org/article/10.1088/1742-6596/2472/1/012062
https://iopscience.iop.org/article/10.1088/0031-8949/2010/T142/011003
https://iopscience.iop.org/article/10.1088/0305-4470/22/23/007
https://iopscience.iop.org/article/10.1088/0305-4470/22/23/007
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvKl7Sumwy58b9UgBuFsqTg3ztDY6pjNhy1Rw7UVNts5JoLyM_2PhWcLFp1-EHWfOAHrv7n9n3i77Ov-1IL1WHjla7Ayw509WYvJN8e9sumgZsrN7IwYNbW3Q8OmZFugoKddwAauZRnMUGVe3QkdJpLtNhclnD28o1ZjeKE3v6Yh_04Jjiu1lSjUYD-LeI-KXApFbfRPH99oxySneAlFm5F0_spAWRmI75JeexeZyzwW9uvi5MTfdywtjwFxG5ellDMbzlH-puDdvgnQOZ3KzWuI2mAotu0CA7ddqcUgNIBcYIvf6C6KzMrFJvjNSlF5mQsn0tDs62RnkTYN_RFwp9gMlpOmA&sig=Cg0ArKJSzDfID4IelOQD&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

The 7th Conference of the Sustainable Solutions for Energy and Environment IOP Publishing
IOP Conf. Series: Earth and Environmental Science 664 (2021) 012087  doi:10.1088/1755-1315/664/1/012087

Seismic performance assessment based on displacement
capacity of unreinforced masonry structures

A Scupin', R Vicireanu' and F Pavel'

! Technical University of Civil Engineering Bucharest, Bd. Lacul Tei, no.122-124, Sector 2, Bucharest
020396, Romania

alexandra.scupin@phd.utcb.ro

Abstract. The National Geological Museum is a representative building for the typology of
historic unreinforced masonry structures built in Romania at the beginning of the XX century.
The seismic behaviour was studied with respect to the displacement capacity, by comparing the
initial structural configuration of the building with the retrofitted one. Taking into account the
irregularities of the structure and the localized reinforced concrete jacketing works done in the
80s’, global results were proven to be misleading. Thus, relative floor displacements were used
to study the behaviour of individual walls involved in local failures. Limit state thresholds based
on relative displacements were used in order to calibrate the initial model with the post-
earthquake damage assessment and then they were compared to the results obtained for the
retrofitted model to establish the effectiveness of the strengthening works.

1. Introduction

The global structural damage of historic masonry structures subjected to earthquakes is difficult to assess
due to layout irregularities that favour the development of localized collapse mechanisms. Moreover,
since construction techniques greatly influence the overall behaviour of unreinforced masonry buildings,
evaluating the effectiveness of connections between structural elements might also be a difficult task.

Post-seismic damage data are important for better understanding of the structural behaviour,
especially in the case of complex buildings, such as the present case study of the National Geological
Museum from Bucharest, Romania. Based on the damage recorded after the 1977 Vrancea earthquake,
an equivalent frame model was calibrated and its behaviour was analysed from the point of view of
relative displacement capacities.

Previous research presented in depth analyses of the difference between the lateral drift capacities
and the local drift capacity in case of irregular structures, such as the unreinforced masonry ones [1],
[2]. For the present study case, different code provisions for drift limits and maximum displacements
will be used in order to establish the damage level corresponding to the building subjected to seismic
ground motions.

2. The National Geological Museum

2.1. Structural layout

The National Geological Museum from Bucharest shown in Figure 1 is a historic unreinforced masonry
structure built in 1906, following the typical layout of massive palaces. It is composed of two wings
with different layouts and storey heights. The secondary wing hosts the exhibition hall with more than
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10 m height that is connected to the main wing through an impressive stair case, without having a proper
seismic joint in between.

igure 1. National Geological Museum

Even though the placement of vertical structural elements allows for a regular load path, several
discontinuities are also present. Firstly, the thickness of the masonry walls gradually decreases along
the height, leading to 55% reductions of the total wall area, when comparing the semi-basement level to
the attic level. Secondly, the openings placement on the front fagade vary from one floor to another,
both in terms of size and location. One of the most vulnerable structural parts is the front portico above
the main entrance, where stone pillars support the attic walls. According to the damage assessment
which followed the 1977 earthquake, fractures and excessive fissures were encountered for this part,
causing the partial detachment of the portico.

2.2. Retrofitting works

In order to ensure the structural safety of the building, retrofitting works were carried out in 1984,
according to the knowledge and the practices of that time. For creating proper connections between
orthogonal walls, all the original flexible floors were replaced by reinforced concrete slabs. Some of the
masonry walls were retrofitted by reinforced concrete jacketing to increase their in-plane strength. The
walls strengthened with 20cm layers of reinforced concrete and 4 cm of reinforced mortar are marked
on Figure 2 with dark green, respectively light green. Apart from these works, other local repairs were
done using grout injections, partial reconstructions and also steel tie rods were added in the secondary
wing, as illustrated in Figure 3.
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Figure 2. Masonry Walls“ retrofitted by jacketing
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Figure 3. Steel tie rods

3. Equivalent frame model

The building was modelled as equivalent frame, using Tremuri software [3]. Thus, masonry walls are
meshed in spandrel and piers (deformable macro-elements) linked by rigid nodes. Since the post-damage
evaluation indicated diagonal cracking as the main failure mechanism for spandrels and also horizontal
fissures in case of slender piers, Mohr-Coulomb failure criteria was used in the analysis.

Considering that no tests on materials were available, the material input characteristics were
considered according to the year of construction and also based on previous model calibration of similar
buildings from Romania [4].

The equivalent frame model of the building presented in Figure 4 considers several simplifications
related to the curved walls of the exhibition hall and also the roof which is not explicitly modelled.
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Figure 4. Tremuri model of the National Geological Museum
4. Comparative results

4.1. Nonlinear static analyses

Nonlinear static analyses were used in order to compare the displacement capacity of the historic
building, considering two scenarios: initial structure and retrofitted structure. This comparison aims to
study the effectiveness of the strengthening works carried out in the 80s’ from the point of view of
damage states associated with the relative displacement limits proposed in literature.

The results presented in Figure 5 highlight the differences between the analysis for the two
orthogonal direction, as well as the differences between the initial and the retrofitted model. Due to the
fact that the jacketing works were performed almost exclusively for walls along the transversal direction,
the strength increase of up to 150% is recorded only for the Pushover analysis on Y direction. For the
two retrofitted models marked with dotted lines, the initial stiffness indicates a similar behaviour, as a
result of the rigid slabs, unlike the initial models that present different stiffness characteristics along the
two orthogonal directions.

4.2. Target displacement

As it can be observed from the Pushover curves, the ultimate displacement decreases for the retrofitted
model, having a larger reduction for the Y direction, where strengthening works are more significant.
These results indicate that the retrofitted building is more rigid, even though resisting to larger values
of maximum base shear force.



The 7th Conference of the Sustainable Solutions for Energy and Environment IOP Publishing
IOP Conf. Series: Earth and Environmental Science 664 (2021) 012087  doi:10.1088/1755-1315/664/1/012087

STATIC, X [initial) STATIC, ¥ (initial])  ====5TATIC, X [cons)  ====STATIC, ¥ [cons)
30000
~a
L Wy '
- L]
25000 e~
R /_
20000
£ 15000
-
10000
5000
(1] D1 D2 D3
0 ). 1 15 2.5 3 35 |
d [em]

Figure 5. Pushover curves for the initial and the retrofitted model

The coefficient method present in FEMA 356 [5] and FEMA 440 [6] was used in order to evaluate
the target displacement for the masonry building. The procedure assumes modifying the linear elastic
response of the equivalent single degree of freedom (SFOF) system by means of several coefficients so

that the maximum global displacement to be estimated, as shown in Figure 6 .
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Figure 6. Estimation of target displacement d; [5]

The results obtained following the above-mentioned procedure are presented in Table 1, where Te is
the effective fundamental period for each loading direction considered. CO accounts for the change in
spectral displacement from SDOF to MDOF, while C1 connects the maximum expected inelastic
displacement and the displacements computed for the linear elastic response of the building. C2 is
computed for each performance level considered (I0 = Immediate Occupancy, LS = Life Safety, CP =
Collapse Prevention) and takes into account the corresponding stiffness and strength degradations. C3
marks the influence of second order effects in the estimation of maximum displacement, namely due to
geometric nonlinearities.

The target displacements thus obtained indicate a high increase in maximum expected displacement
along the direction which was not retrofitted, namely from 4.7 cm (initial model) to 6.7 cm (retrofitted
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model) for CP. In case of the transversal direction, the difference is less, from 3.8 cm (initial model) to
4 cm (retrofitted model).

Since all target displacements corresponding to collapse prevention performance level are higher
than the ultimate displacements from the Pushover curves, it can be concluded that the static nonlinear
analyses were stopped before reaching the collapse state, thus indicating the presence of local failure of
elements rather than global collapse.

Table 1. Target displacement estimations

. Retrofitted
Initial model model
X Y X Y

Te[s] | 031 | 028 |036 |029
Cco 135 | 135 | 135 | 1.35
c1 143 | 144 | 141 | 144

10 1 1 1 1

LS | C2 1.27 | 1.28 | 127 | 1.28

CP 146 | 1.47 | 145 | 1.46
C3 1 1 1 1
S“BUZC) 7.08 | 694 | 736 | 687
[m/s?]

10 32 |26 4.7 2.8

Ls | & 4.1 33 5.9 35
[cm]

cp 47 | 38 6.7 4.0

4.3. Relative displacement

In order to compare the displacements obtained for the National Geological Museum with other
literature references with respect to displacements associated to damage levels, absolute values were
converted to drifts. According to FEMA provisions [5], in the case of unreinforced masonry structures,
relative displacements associated to performance levels are established based on level drifts, not on
global drifts. This is because of the possible local collapse mechanism that might lead to increased
localized displacement for weaker floors. The FEMA description of damages that are specific for
unreinforced masonry structures under each performance level (CP, LS and IO) are presented in Table
2.

There are also some results presented in literature [1], [2] obtained based on correlating the post-
earthquake damage patters with the global displacements obtained from numerical models of
unreinforced masonry structures from New Zeeland. The limits are lower than the ones suggested in
FEMA, as it can be observed in Table 3. The damage control limit state was added in order to account
also for this intermediary state characterized by extensive damage that requires significant repairs and
makes the building not occupiable, but without threatening the human life [1]. The colour codes used in
Table 3 for each performance level are also marked on the Pushover curves from Figure 5 thus
highlighting the damage stages for each step of the static nonlinear analyses.
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Table 2. Structural performance levels and damages for URM walls (non-infill) [5]

Extensive cracking; face course and veneer may
CP peel off. Noticeable in-plane and out-of-plane
offsets.

Extensive cracking. Noticeable in-plane offsets of
masonry and minor out-of-plane offsets.

Minor (<1/8" width) cracking of veneers. Minor
10 spalling in veneers at a few corner openings. No
observable out-of-plane offsets.

LS

Table 3. Drift limits for URM structures

Performance Relative .
Relative global
level floor displacement
displacement | . P
o limits
limits
Immediate
DO | Occupancy 0-0.3% 0-0.06%
(10)
Damage o O RO 0 - (110
D1 Control (DC) 0.3% -0.6% | 0.06% - 0.1%
Life safety on 10 0 0
D2 (LS) 0.6% - 1% 0.1% - 0.2%
Collapse
D3 Prevention > 1% >0.2%
(CP)

According to the global drift limits presented in literature, the Pushover analyses reach an ultimate
displacement corresponding to Life Safety (D2), while the Near Collapse state would be triggered by a
global relative displacement of 4 cm.

For comparing the relative floor displacements presented in FEMA with the ones obtained for the
National Geological Museum, walls drifts will be further on analysed. The same colour scheme was
kept in order to highlight the performance level corresponding to each wall, based on its ultimate relative
displacement.

Table 4 contains the results for the walls along the longitudinal direction which present the largest
relative displacements, most of them located at the second level, meaning ground-floor level. Comparing
the initial model to the retrofitted one, it can be observed that for this loading direction (X) there are no
significant changes. Even though for the retrofitted model there are more walls that reach the Damage
Control state, the redistribution of efforts among walls ensures a slight decrease in terms of relative
displacements for each analyzed wall.
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Table 4. Relative wall displacements (longitudinal direction)

Initial model Retrofitted model
x‘(’f‘" Level | Drift [%] x\éf‘" Level | Drift [%]
s |2 [o039% |44 |2 | o033%
20 |2 |o38w |40 |2 | o033%
3 |2 |038% |33 |2 |o033%
33 |2  |03t% |3 |2 |o033%
322 |2 | 036% |26 |2 |o033%
4 |2 losw |10 |2 |o033%
10 |2 |o3s% |19 |2 | 033%
21 |2 |o03a% |25 |2 |033%
14 |2 lo33% |36 |2 |033%
17 |2 lo32% |4 |2 |o033%
2% |2 |o031% |14 |2 |033%
11 |2 lo031% |21 |2 | o033%
5 |2 |o031% |32 |2 |033%
2 |2 |o03% |5 |2 |o032%
36 |2 |030% |22 |2 |o032%
24 |2 |020% |17 |2 | 032%
50 |2 |028% |11 |2 | 032%
19 |2 |o2t% |50 |2 | o032%
35 |2 | 026% |24 |2 | 032%
> |o2% |35 |2 |o032%
2 | 0.25% 2 | 032%
> | 0.21% > | 031%
5 |2 | 025%
47 |2 | o021%
1 |3 |o17%
32 |3 | 017%

Unlike the results from X direction, for the walls along the transversal direction of the initial model,
there are two cases that reach the Near Collapse limit and several others that reach Life Safety limit, as
it can be observed in Table 5. Considering that jacketing works were performed only on these walls, the
results of the retrofitted model show reduced level of drifts up to 0.67%, slightly above the upper limit
of Damage Control of 0.6%. The two walls with drifts that exceed the Near Collapse state: wall 15 and
wall 28 are marked in Figure 7 with red, respectively with green. The dis-alignment of these two walls
was considered as principal cause for the damaged occurred after 1977 and their important relative
displacements from the numerical model at the first-floor level are in accordance with the post-damage
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information. Wall no. 15 also represented one of the strengthened walls during the retrofitting works
from the 80s’, thus reaching a lower relative drift in the retrofitted model, namely 0.46%.

Table 5. Relative wall displacements (transversal direction)

Initial model Retrofitted model
x‘(’f‘" Level | Drift [%] x\éf‘" Level | Drift [%]
15 |3 |101% |38 |3 |o067%
28 |3 | 100% |18 |3 | 066%
27 |3 |095% |20 |3 | 064%
23 |3  |094% |16 |3 | o061%
2 |3 | 092% 3 | 0.60%
2 |3 | o083% 3 | 0.59%
3 | 0.79% 3 | 0.58%
3 |078% |42 |3 | 056%
3 | 078% |41 |3 | 051%
6 |3 |o7% |15 |3 | 046%
20 |3 |o7s% |28 |3 | o046%
18 |3 |o72% |52 |2 | o026%
38 |3 | 068% |46 |2 | 026%
13 |3 |oe8w |27 |3 |o033%
52 |2 |o048% |23 |3 | o026%
46 |2 |o038% |13 |3 | 0.26%
51 |2 |036% |51 |2 | 020%
46 |3 | o046% |48 |2 | 019%
12 |3 |o04% |12 |3 |022%
48 |2 | 034% |46 |3 | 0.20%
48 |3 | 0.43%
51 |3 | 0.41%
52 |3 | 0.35%
9o |3 | o027%
3 |3 | 019%
0 |2 |o013%
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Figure 7. Position of wall 15 and wall 28

For a better understanding of the individual behaviour of wall no. 15, the damage pattern and the
relative displacements along the entire height are presented in parallel for the initial and for the
retrofitted model in Table 6 and Table 7. From the point of view of damage pattern it can be observed
that the even though the initial model has only two elements under bending damaged (marked with pink)
and the retrofitted model has most of the macro-elements under shear damage (marked in light yellow),
the redistribution of efforts along the height contributes to a more uniform deformation pattern. Thus,
the ultimate drift at the portico level (3rd level) is reduced, avoiding in this way local failures.

Table 6. Relative displacement and damage pattern for wall no. 15 (initial model)

Initial model
Damage stage of Ultimate Ultimate drift
macro-elements displacement per floor [%]
per floor [cm]
5.57
0.01
5.55 1.01
0.24
0.03
0.11

10
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Table 7. Relative displacement and damage pattern for wall no. 15 (retrofitted model)

Retrofitted model
Damage stage of Ultimate Ultimate drift
macro-elements displacement per floor [%]
per floor [cm]
N ; #72 N‘13O I‘Ha%'iwi
. 2.62
R 0.02
> M % | 254
Nz 270 Nighisigs N1gais 0.27
DY
N§ J‘g’ig Nipém :H;%g}? 113
o 0.15
87 |Ef88
N34 N268 N126usd402 NSN3 1
0.14

5. Conclusions

The seismic assessment based on displacement capacity highlighted the importance of taking into
account the local failures when evaluating the damage state based on relative ultimate displacements.
Firstly, the estimation of target displacement confirmed the results of the nonlinear static analysis that
arrived at a final stage before reaching the target displacement, due to local collapses. In order to
understand the local collapse that lead to the end of the analysis, the relative displacements at floor level
were analysed. The numerical model was thus validated, since the portico level and the connecting walls
recorded the greatest relative displacements surpassing the drift threshold for near collapse state. The
retrofitted model presented lower values of ultimate global displacements, but it managed to allow for
forces redistribution and avoidance of local collapses due to the strengthening works. Even though
results show improvements for the transversal direction which contains retrofitted walls, further works
are needed in order to ensure the proper level of seismic safety for the entire building. Further studies
for the building would require the evaluation of alternative less invasive retrofitting techniques, adequate
for historical buildings as well as seismic risk analyses for all the structural configurations considered.
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