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Abstract: The seismic performance of a two storey RC school in Nepal is assessed using non-
linear time history analysis (NLTHA). The school was constructed by Pahar Trust and utilizes a
seismic gap to avoid issues caused by the torsional effect of the off centre stair case. A fibre
model the of RC structure is implemented in finite element (FE) open-source software OpenSees,
where NLTHA is employed to assess the seismic performances under different input motions. In
particular, three sets of accelerograms are selected: (i) recorded waveforms of the 2015 Gorkha
earthquake, (ii) a code-compatible selection compliant with pre-Gorkha earthquake probabilistic
seismic hazard analysis (PSHA), (iii) a code-compliant selection compatible with post-Gorkha
PSHA. The inter-storey drift demand and the effectiveness of the seismic gap is then assessed.
The inter-storey drift values are used to verify the performances of the school against Eurocode
8 capacity limit. The seismic gap provides adequate clearance to avoid pounding when the
structure is exposed to the Gorkha ground motions and life safety limit state (10% probability is
50 years) motions for pre-Gorkha PSHA. The structure exhibits pounding with a small number of
the post-Gorkha ground motions. A fragility curve for pounding is finally obtained for the school
using Cloud Analysis linear regression approach.

Introduction

Nepal seismic hazard

Nepal sits on the most active segment of the Main Himalayan Thrust (MHT) (Ram and Wang,
2013). Kathmandu sits in a fluvio-lacustrine basin with 500-600m deep deposits of loose
unconsolidated clay, silts, sand and gravel sediments (Mugnier et al., 2011). These loose deposits
cause the amplification of long period ground motions (Paudyal et al., 2012) as shown during the
2015 Gorkha earthquake (Rupakhety et al. 2017).

Major earthquakes have been reported in Kathmandu valley in 1255, 1408, 1505, 1833, 1934 and
2015 each with a magnitude over 7.5 (Ram and Wang, 2013). The 2015 Gorkha earthquake had
a moment magnitude of Mw 7.8 and the epicentre was 80 km west — northwest of Kathmandu.
This earthquake caused 9,000 deaths, 25,000 injuries and more the 6,000 schools collapsed.
60% of central Nepalese villages are located on near-threshold or threshold dip slopes further
increasing exposure of schools (Catlos et al., 2016; Ghimire and Parajuli, 2016).

Probabilistic seismic hazard analysis (PSHA) is the reference approach for the estimation of
intensity of earthquakes for design purposes. Due to seismic data only being accurately collected
for the last 50-60 years (Mulargia et al., 2017), there is insufficient data to create an accurate
PSHA and this leaves the PSHA susceptible to change when a large earthquake occurs, and new
evidence is available.

Prior to the 2015 Gorkha earthquake the design earthquake (10% probability of occurrence in 50
years) for Kathmandu had a peak ground acceleration (PGA) of 0.38g (e.g., Chaulagain et al.,
2015). Subsequent to the Gorkha earthquake several new PSHA studies have been carried out
for the Kathmandu valley and have put the PGA for the design earthquake above 0.60g due to a
new modelling approach of the Main Himalayan Trust based on physical evidence and new global
Ground Motion Prediction Equations (Stevens, et al., 2018; Pokhrel et al. 2019).
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Pahar Trust

Pahar Trust is a UK based charity established in 1991 which aims to improve education, sanitation
and health in rural Nepal, furthermore they aim to remove barriers to education in these
communities and make education as inclusive as possible (Pahar-trust.org, 2019). Pahar Trust
was founded by Tom Langridge MBE and Chandra Bahadur Gurung, both former Queens Gurkha
Engineers. They construct 4-6 reinforced concrete (RC) schools per year with many of them using
the same design as in Nepal all school designs need to be approved by the Department of
Education and having an adaptable design to be employed in multiple cases can reduce
significantly the design and construction cost of the schools. One of the approved RC design
“templates” has six class rooms across two storeys, two examples of where this design has been
implemented is Shree Himalaya, Mauja, Kaski and Shree Ramkot Secondary School (see Figure
1).

Figure 1. Pahar Trust sample school (a) Architectural drawing (Pahar Trust, 2019) (b) Example
project (Shree Himalaya, Mauja, Kaski) (Pahar-trust.org, 2019).

Sample school

The template school is 5.8 m tall, 4.9 m deep and 20.3 m long. It is four by one bay and has a
102 mm (4 inch) seismic gap in the middle. The school is a reinforced concrete frame with
masonry facade. The school has a reinforced concrete slab with a dogged type staircase where
the waist slab is supported by a masonry wall. Due to this staircase being off centre there is an
asymmetrical design which would lead to torsion, this is addressed by implementing a seismic
gap in the building (Pahar Trust, 2019), as shown in Figure 2. Figure 3 shows the sections for the
beams, the “at support” reinforcement is applied for 1676 mm in B1 and for 1600 mm in B2 as to
ensure capacity design.
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Figure 2. Beam and column layout of Pahar trust template school.
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Figure 3. Beam and column section properties

Pounding

Pounding is defined as collisions that occur between adjacent buildings during an earthquake and
has been identified as one of the main causes of structural damage during an earthquake
(Karayannis and Favvata, 2004). Despite modern codes requiring adequate separating distance
between adjacent buildings, structural pounding occurs for four main reasons: (i) sometimes the
suggested separation does not account for modern construction techniques that allow large
displacements due to an inelastic response; (ii) high cost of land in densely populated cities; (iii)
errors in selection and interpretation of seismic hazard and (iv) structures designed in accordance
with outdated codes where minimum separation gap had not been provided (Favvata, 2017).

Structural pounding occurs in two main types: slab-to-slab and slab-to-column. Slab-to-column is
considered to be significantly more severe as the shear load to the column can cause localized
failure which can lead to progressive global collapse (Skrekas et al. 2014). The template school
in this paper should only be susceptible to slab-to-slab pounding as the floor slabs are at the
same level. There are four main factors that affect the pounding of two structures, these are; (i)
the separation distance; (ii) the height of the structures; (iii) the period of the structure (higher
period pounding more likely) and (iv) different periods for adjacent buildings (this causes out of
phase vibrations) (Lin and Weng, 2001).

School model

Overview

A non-linear finite element (FE) model of the template school was implemented in the open source
program OpenSees. A fibre model was used for the RC sections and the plastic hinges were
implemented using the “Hinge Radau” function in OpenSees which uses two-point Gauss-Radau
integration over the hinge. This function is implemented in OpenSees (Scott et al. 2006) and the
plastic hinge lengths were calculated in accordance with Eurocode 8 (EN 1998-1, 2004). Two
rigid diaphragms are assumed at both the first-floor level and the roof level for the two buildings
composing the school. The stairs were implemented in the FE model using a member with cross
sectional properties that are equal to the cross-sectional properties of the stairs. This member
extends from the node supporting the stairs to the floor node that is closest to the landing area of
the stairs, a technique suggested by Fardis (2009).

Material properties

It was not specified the grade of concrete used in the construction of these schools so an assumed
grade of C25/30 is used giving a corresponding mean compressive strength of 33 MPa and elastic
modulus of 31,476 MPa (EN 1992-1-1, 2004) was used for the unconfined concrete.

The strength of the confined concrete was calculated using the Kent and Park model (1971) that
was modified (Park et al., 1982) to account for the additional strength of the concrete due to the
confining concrete. This modifies the unconfined compressive strength by a factor K as shown in
equation 1 where f.is the peak stress reached in the unconfined concrete and f’: is the peak
stress reached in the confined concrete.
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fr = Kf, o

The factor K is calculated using equation 2 where psis the ratio of the volume of the confining
steel to the volume of the concrete core and fyy is the yield stress of the confining steel.

K=1+8n 2)
fe
This results in a unique confined concrete compressive strength for each section as the ratio of
confining steel varies in each section.

SteelMPF was used for the material properties of the steel rebar. This material uses the hysteretic
model developed by Menegotto and Pinto (1973) and further modified by Filippou et al. (1983).
This model was implemented into Opensees by Kolozvari et al. (2015). Itis specified in the design
of the structure that steel grade is Fe 500 hence a yield strength of 500 MPa is used and an
elastic modulus of 200 GPa is used in accordance with Eurocode 2 (EN 1992-1-1, 2004).

Assessment of structural performances

Modal properties

For the modes of the building the building can be considered as two separate structures as the
structures at either side of the seismic gap to not interact. Table 1 shows the first six periods of
each structure where structure 1 is the structure that contains the staircase. It can be seen that
structure 1 has lower fundamental periods due to the additional stiffness offered by the staircase.

Structure 1 (with staircase) Structure 2
Mode 1 (s) 0.229 0.242
Mode 2 (s) 0.216 0.237
Mode 3 (s) 0.202 0.217
Mode 4 (s) 0.077 0.082
Mode 5 (s) 0.074 0.080
Mode 6 (s) 0.070 0.074

Table 1. Modal properties of structures.

Ground motion selection

This analysis was carried out using three ground motions suites. The first group of ground motions
(ground motion set 1) is detailed in Table 3 in the appendix. This contains five available recordings
of the 2015 Gorkha earthquake (Rupakhety et al. 2017). The elastic response spectrum of these
motions is shown in Figure 4 where is can be seen there is significant amplification in the spectral
acceleration in the large period range (1s-6s), this is due to basin effects caused by the loose
fluvio-lacustrine deposits and source effects of the Gorkha earthquake (Rajaure et al., 2016). KTP
is not affected by basin effects as it is situated on a rock outcrop near the western basin edge.

The second ground motion suite (ground motion set 2) is selected from the NGA-west 2 database
and is compatible with Eurocode 8 type 1 spectral shape for soil class C (predominant in the
Kathmandu valley) anchored at 0.38g (see Figure 5a). Importance class 1.0 is used. The PGA
value of 0.38¢ is used as it is the 10% in 50 years exceedance value for PSHA studies carried
out before the Gorkha earthquake (e.g., Chaulagain et al., 2015), in the following referred as “pre-
Gorkha” PSHA. 11 couples of ground motions are used, no scaling is used and none of the
motions are pulse like motions. The spectrum matching was done in accordance with Eurocode
8 (EN 1998-3, 2005) whereby between 0.2T1 and 2.0T1, the arithmetic mean of the 5% damped
elastic response spectrum is at no point lower than 90% of the design spectrum.

The third ground motion suite (ground motion set 3, in the following referred as “post-Gorkha”)
uses the same ground motions as the previous set but multiplied by an additional scaling factor
of 1.579 resulting in a PGA of 0.60g which has been obtained from a post-Gorkha PSHA (Stevens
et al., 2018), see Figure 5b. The scale factor for the ground motions should not exceed specific
maximum values to avoid bias in the results; this limit varies from 2 to 4 (Bommer and Acevedo,
2004).
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Figure 5. 5% damped elastic response spectrum for (a) EC 8 compliant (pre-Gorkha PSHA)
motions (b) EC 8 compliant (post-gorkha PSHA) motions.

Results
Nonlinear Static Analysis

Static Pushover (SPO) analysis is carried out as to assess the strength and deformation
characteristics of the structure. A lateral load pattern which is in accordance with Eurocode 8 (EN
1998-1, 2004) as shown in equation 3 where Fy, is the base shear, z; is the height of the storey
and m;is the mass of the respective storey.

F; = F, 2" (3)

Pyzm;



21 9 CROSS et al.

Static Pushover X direction Static Pushover Y direction

©
=]
=1

O
~

Building 1
Building 2| 4

Building 1
—_ Building 2| |

e

S

700 / — | y,

600 - A /
500 /

400 - /

300
200

100 1

800

Base Shear (kN)

N\
Base Shear (kN)
g & 8 8 g 8
=] =] =] =] =] o

N
=]
=]

o
=]
=]

=]
S
(=]

0 1 2 3 4 5 6 7 8 9 4] 1 2 3 4 5 6 7 8 9
Top displacement/Building height (%) Top displacement/Building height (%)

Figure 6. Static Pushover Analysis results (a) Building 1 (with staircase) (b) Building 2

The deformed shape of the static pushover analysis shows a soft storey mechanism occurring
across the first storey of the building. The peak base shear was verified by calculating the moment
resistance of the column section.

Non-linear Time History

Non-linear time history is carried out with each of the 27 pairs of ground motions. Each set was
run twice, swapping the two components along the two prinicipal directions of the buildings. This
gives a total of 54 analysis. Figure 7 shows the displacement of the top of building 1 for the ground
motion giving the largest displacement in each set. For the Gorkha ground motion set this was
the KTP recording and for the spectrum compatible sets the Tottori recording is shown. It can be
seen that the post-Gorkha ground motion results in a significantly larger displacement due to the
non-linear response of the structure and it shows a significant residual dispacement with respect
to the maximim response obtained with the pre-Gorkha set. The Gorkha record does not show
any residual dispacement.

150 T T
post-Gorkha PSHA
pre-Gorkha PSHA

Gorkha E!
1001 orl Q

50 |

Displacement of top floor (mm)

-50 |

-100" . . . . .
0 20 40 60 80 100 120
Time (s)
Figure 7. The displacement of the top of the structure in response to pre-Gorkha, post-Gorkha
and Gorkha earthquakes.

Interstorey Drift Ratio

The results from the non-linear time history analysis are used to find the interstorey drift ratio
(IDR) for each of the buildings, this data is summarized in Figure 8. It is shown in Figure 8 that
the median IDR for the pre-Gorkha PSHA ground motion set is 0.59% for Building 1 and 0.70%
for Building 2 which exceeds the Eurocode threshold for nonstructural brittle elements (EN 1998-
1 2004) employed for the damage limitation limit state.



21 9 CROSS et al.

The post-Gorkha ground motion set gave a median IDR of 1.58% which significantly exceeds the
threshold for non-structural brittle elements. It can be seen that there is a significantly larger
variation in the spectrum compatible ground motion sets, this is due to the Gorkha ground motion
set not having inter-event variability (i.e., one single event versus 11 different events).

Building 1, Storey 1 Building 1, Storey 2

Interstorey Drift Ratio (%)
Interstorey Drift Ratio (%)

= —] — | - == B

Gorkha EQ pre-Gorkha PSHA  post-Gorkha PSHA Gorkha EQ pre-Gorkha PSHA post-Gorkha PSHA

Building 2, Storey 1

Building 2, Storey 2
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Figure 8. The distribution of peak interstorey levels for each ground motion set.

Pounding

Pounding occurs when the displacement between point A and point D or point B and point C, as
depicted on Figure 2, is less than zero. For each ground motion the closest distance relevant for
pounding is recorded and plotted in Figure 10. This is calculated as shown in Figure 9 using
equation 4, displacement in x direction (see Figure 2) is always positive. P is the distance between
the two structures (i.e., 102 mm in the case of the Pahar Trust school).

Case 1l Case 2 Case 3 Case 4

di d2 di d2 di d2 — —
' — = i - ™ - tn — : : : :

Figure 9. Four possible displacement scenarios for pounding.

max(d, —d,) > P 4)

Due to the non-linear response of the structure significantly larger displacement occurs when the
ground motions are scaled up for the post-Gorkha suite (Figure 5b). Pounding occurs for three
ground motions in the post-Gorkha suite as shown in Figure 10.
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Figure 10. Minimum distance between adjacent structures.

From figure 10 it can be seen that with the Gorkha ground motion set that no pounding occurred
and the closest point to pounding was 81 mm which occurred during the KTP ground motion
recording. It can be seen in figure 4 that KTP has the largest spectral acceleration at 0.235s as it
is situated on rock. From this we can conclude that the site effects in the Kathmandu basin caused
Pahar schools to be less likely exhibit pounding, in the 2015 earthquake.

The pre-Gorkha PSHA ground motion set is significantly closer to pounding, with the Tottori
ground motion being 12 mm from pounding, however no pounding occurs. The closest point to
pounding is during the Tottori ground motion, this ground motion has a spectral acceleration that
is significantly higher than the mean, however it is not the highest in the ground motion set. This
is due to the building being more out of phase in the Tottori analysis.

The post-Gorkha PSHA ground motion set is significantly closer to pounding with 3/22 of the
ground motions exhibiting pounding. It can be seen that the pounding goes up by more than a
factor 1.58, as the ground motion is scaled by. This is due to the non-linear response of the
structure. Pounding occurs within one standard deviation of the mean which indicates that in a
typical ground motions selection compatible with Eurocode 8 spectra and using a post-Gorkha
PSHA will exhibit pounding.

Fragility

For pounding a specific fragility curve can be obtained using the linear regression approach for
cloud analysis (Jalayer et al., 2015) and assuming the spectral acceleration at the fundamental
period of the structure. Considering that pounding affects two buildings, the reference period is
the average of the fundamental period along x direction for building 1 and 2 (see figure 2) and it
equals to 0.235s. This is considered to be the most suitable choice as intensity measure for this
fragility curve.

The linear regression is shown in Figure 11a and the resulting fragility curve is shown in Figure
11b. The fragility curve in Figure 11b gives the cumulative probability function for the occurrence
of damage of the buildings because of pounding recorded at the top storey of the school. It can
be observed that the designed seismic gap of 102 mm provides a safe solution against pounding
with a 50% probability of occurrence for a spectral acceleration value of 2.7g. Further analyses
are needed to validate this result as the use of the scaling of the same records for pre-Gorkha
and post-Gorkha suite can introduce bias in the fragility estimation through cloud analysis (Jalayer
et al., 2015).
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Conclusions

This study used a non-linear finite element model of a template school that has been built by
Pahar Trust across Nepal. This design had a 102 mm seismic gap as to avoid structural torsion
that could have been created due to the non-symmetrical stiffness caused by the staircase. A
modal analysis was carried out as to identify which mode of vibration caused lateral displacement
across the seismic gap. Three ground motions sets were then collated, set 1 was formed of 5
pairs of recordings from the 2015 Gorkha earthquake, set 2 was formed of 11 pairs of recordings
which were Eurocode compliant with a PGA of 0.38 g and set 3 were the same ground motions
as set 2 but with a scaling factor of 1.58 resulting in a PGA of 0.60 g. NLTHA was then carried
out as to assess the interstorey drift and effectiveness of the seismic gap. Finally, fragility analysis
was carried out using the linear regression approach for cloud analysis.

From the results of the fragility analysis we can see that the structure can be considered safe as
it has a 50% probability of pounding at 2.7 g. The interstorey drift levels for the two structures
exceed the Eurocode threshold for nonstructural brittle elements for the post-Gorkha PSHA
ground motion set. For the pre-Gorkha ground motion set the median value interstorey drift was
0.59% and 0.70% for building 1 and building 2 respectively hence they also exceed the threshold
for non-structural brittle elements. The levels of interstorey drift do not exceed the 0.5% Eurocode
threshold for any of the Gorkha 2015 ground motions.

Further work could be carried out looking at the damage incurred by the structures that were
completed prior to the 2015 Gorkha earthquake. Furthermore, the structural impact of the
masonry infill could be investigated. Fragility analysis could be carried out for a variety of limit
states to evaluate the effects of an earthquake outside of pounding.
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Appendix
Earthquake Station Orientation | Year Vs30 (m/s) | Rjb (km) Mw
Chi-Chi, TCUO84 000,090 | 1999 665.2 0 76
Taiwan
. Hulverstone
Christchurch, | 0o pumping | 266,356 | 2011 206 4.32 6.2
New Zealand .
Station
Chuetsu-oki, Nagaoka 000,090 | 2007 514.3 3.97 6.8
Japan
Gazli, USSR Karakyr 000,090 | 1976 259.59 3.92 6.8
Loma, Prieta LGPC 000,090 | 1989 594.83 0 6.9
i Long Valley 000,090 | 1980 537.16 12.56 6.1
Lakes 01 Dam
Manijil, Iran Abbar 000, 090 1990 723.95 12.55 7.4
Parkfield-02, | Parkfield - Fault
oA one 14 000,360 | 2004 246.07 8.45 6.0
St Elias,
A ckn lcy Bay 090,180 | 1979 306.37 26.46 75
Tottori, TTRHO2 000,090 | 2000 310.21 0.83 6.6
Japan
Westmorland | Westmorland 1 555 105 | 1981 | 193.67 6.18 5.9
Fire Station

Table 2: summary of code conforming ground motions from PEER NGA West-2

Station Orientation Latitude | Longitude Location
KATNP 000,090 | 27.71307 | 85.3161 Kanti Path
KTP 230,320 | 27.68182 | 85.27261 | 'irtipur Municipality
Office
University Grant
THM 090, 180 27.68072 85.3772 Commission Office,
Bhaktapur
TVU 000,000 | 27.68145 | 85.28821 | Central Department
of Geology
PTN 090,360 | 27.68082 | 85.31897 Engineering

College, Pulchowk
Table 3: Summary of Gorkha 2015 ground motion recordings.
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