
 211 

Bulletin of the New Zealand Society for Earthquake Engineering, Vol. 49, No. 2, June 2016 

1 Lecturer, Dept. of Civil and Environmental Engineering, The University of Auckland, Auckland, New Zealand, ddiz001@aucklanduni.ac.nz  

2 Director, EQ STRUC Group, Auckland, New Zealand, dmytro@eqstruc.co.nz  
3 Professor, Dept. of Civil and Environmental Engineering, University of Canterbury, Christchurch, New Zealand rajesh.dhakal@canterbury.ac.nz  

4 Technical Director, Miyamoto International (NZ) Limited, Christchurch, New Zealand, jbothara@miyamotointernational.com  

5 Professor, Dept. of Civil and Environmental Engineering, The University of Auckland, Auckland, New Zealand, j.ingham@auckland.ac.nz 

BUILDING TYPOLOGIES AND FAILURE MODES 

OBSERVED IN THE 2015 GORKHA (NEPAL) 

EARTHQUAKE 

Dmytro Dizhur
1,2

, Rajesh P. Dhakal
3
, Jitendra Bothara

4
 and 

Jason M. Ingham
5
 

(Submitted March 2016; Reviewed April 2016; Accepted May 2016) 

ABSTRACT 

Nepal is one of the most earthquake-prone countries in the world, and at the same time is one of the most 

economically deprived. On 25 April 2015 mid-western Nepal was hit by the devastating Gorkha earthquake 

measuring Mw 7.8 with the epicentre located 76 km north-west of Kathmandu. The earthquake was 

followed by a series of aftershocks, with the most significant occurring on 12 May 2015 with Mw 7.3 and 

an epicentre located north-east of Kathmandu. The earthquake and the associated aftershocks resulted in the 

destruction of half a million buildings, leaving millions of people homeless and causing a loss of more than 

$3.5 billion (USD) to the housing sector alone. Approximately 9,000 people were killed and over 23,000 

people were injured - mostly due to damaged or collapsed buildings.  

A number of documents have been published pertaining to general observations following the 2015 Gorkha 

earthquake and aftershocks. Here the common building typologies and related failure modes observed 

during inspection surveys by the authors who were part of the various reconnaissance teams following the 

earthquakes are summarised. A brief background on the 2015 Gorkha earthquake is provided with an 

outline of the tectonic environment and seismological background of Nepal and a brief summary of 

previous earthquake activities in the region is presented. Common construction practices identified during 

the reconnaissance are illustrated and briefly explained to provide context to the observed earthquake 

damage, with an emphasis placed on unreinforced masonry (URM) building typologies and construction 

practices. Comparisons between URM building damage and published macro-element failure modes are 

provided using various photographic and schematic examples. Commonly observed failure modes and 

potential causes of failure are also highlighted for buildings constructed of reinforced concrete (RC) frames 

with masonry infill. A brief review of adopted temporary shoring techniques is also included. 

 

INTRODUCTION 

Nepal is a landlocked Asian country sandwiched between 

China (in the north) and India (on the three other sides) and is 

home to the Himalayas, including the world’s tallest peak, Mt 

Everest. Nepal is of roughly trapezoidal shape, 800 kilometres 

long and 200 kilometres wide, with an area of 147,181 km2 

and a population of more than 30 million. It lies between 

latitudes 26° and 31°N, and longitudes 80° and 89°E. At the 

time of writing, Nepal is divided into 7 provinces by grouping 

together 75 districts (see Figure 1 for district locations). This 

division may change in future as the geographical boundaries 

of the states declared in the new constitution of Nepal may 

lead to some districts being further split. 

 

Figure 1: Map of Nepal showing district boundaries and the 

distribution of earthquake damaged buildings [1]. 

Nepal lies in a highly-seismic region with most of the country 

situated on the Indian tectonic plate, close to the boundary 

between the Indian Plate and the Tibetan Plateau on the 

Eurasian Plate. The Himalaya mountain range constitutes the 

northern plate boundary of the Indian Plate, which is bounded 

by the Chaman Fault in the west and the Sagaing Fault in the 

east. Many active faults are distributed along the major 

tectonic boundaries in this region. While the Chaman Fault 

and the Sagaing Fault are both transform plate boundaries 

(Chaman being a sinistral fault; i.e. left-lateral fault and 

Sagaing being a dextral fault; i.e. right-lateral fault), the 

northern boundary along the Himalayas is a subduction 

boundary with the Indian Plate moving northwards by 

45 mm/year average and subducting underneath the Tibetan 

Plateau [2-6].  

The subduction boundary along the Great Himalayan range is 

divided into three major tectonic zones: (1) the Himalayan 

Frontal Thrust (HFT/MFT); (2) the Main Boundary Thrust 

(MBT); and (3) the Main Central Thrust (MCT). The majority 

of the tectonic displacement is occurring in the HFT System, 

which comprises the Himalayan Frontal Fault at the edge of 

the Indo-Gangetic plains, characterised by several 

discontinuous segments and subsidiary faults in western 

Nepal, and several active anticlines and synclines to the north 

[2-7] (see Figure 2 and Figure 3). 
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Figure 2: Main tectonic elements in the earthquake affected 

area [4] (where, from the south to north: MFT - Main 

Frontal Thrust, MBT - Main Boundary Thrust, MCT - Main 

Central Thrust). 

 

 

Figure 3: Nepal at junction of the Indian (southern) and the 

Eurasian (northern) tectonic plates [6]. 

History of Earthquakes in Nepal 

The United Nations has ranked Nepal as the 11th-most 

earthquake-prone country in the world [8]. Despite lying at a 

major plate boundary, large earthquakes on the Himalayan 

thrust are rare in the documented historical era although 

researchers claim that large earthquakes with a moment 

magnitude (Mw) of 7.5 or more did occur in Nepal in 1100, 

1505, 1555, 1724, 1803, 1833 and 1897 in the pre-

instrumental historical period [4, 7-11]. A summary of major 

earthquakes felt in Kathmandu prior to 1934 is provided in 

Table 1.  

Table 1: Paleoseisms and historic earthquakes in and 

around Nepal (MMI greater than VII [7-12]). 

Date Information source Intensity 

(MMI) 

Magnitude 

(Mw) 

11000 BC Seismite ≥XI  

1100 AD Trench ≥X ~8.5 

1255 AD Historic and Trench X  

1408 AD Historic and Trench X >8.5 

1505 AD Historic ≥VII 8.2-8.8 

1681 AD Historic IX  

1767 AD Historic ≥VII  

1810 AD Historic IX  

1833 AD Historic IX-X 7.61 

1833 AD Historic IX ~7 

1833 AD  Historic VIII ~7 

1866 AD Historic VIII 7.6 

1934 AD  Instrumental  X >8.0 

 

MMI - Modified Mercalli Intensity Scale 

Mw - earthquake moment magnitude 

As shown in Figure 4, a number of events of Mw 6 or larger 

have occurred in Nepal over the past century (also see Table 

2). The last major earthquake in the region was the great 

Nepal-Bihar earthquake of 15 January 1934, which caused 

extensive loss of life and property. This was a mega 

earthquake with an Mw greater than 8. Modified Mercalli 

Intensity (MMI) up to X was recorded in an area of 

approximately 4,500 km2 that included Kathmandu Valley. 

This earthquake severely damaged buildings in Kathmandu, 

and resulted in approximately 15,700 fatalities, including 

8,519 fatalities in Nepal [9]. 

 

Figure 4: Location and Mw magnitude of post 1934 Nepal 

earthquakes [13]. 

In 1980 an earthquake of Mw 6.5 occurred in the western 

district of Bajhang in Nepal and caused 178 fatalities and 

damaged approximately 40,000 houses [10]. The 21 August 

1988 earthquake of magnitude Mw 6.8 (different reports claim 

between Mw 6.5 and Mw 7.3) [12] was centred in Udaypur in 

eastern Nepal. The earthquake caused more than 1,000 

fatalities (including some in Bihar, India), damaged an 

estimated 60,000 houses, and caused widespread damage to 

infrastructure.  

On 18 September 2011 an earthquake of Mw 6.9 was 

registered in the far-eastern part of Nepal (near the border with 

Sikkim, India) which reportedly [12] resulted in 8 fatalities, 

injured 150 people and damaged many traditional homes in 

the region. Earthquake-induced landslides further contributed 

to house and road damage. Earthquake induced ground 

shaking was felt as far as the Kathmandu Valley, where 

several houses sustained damage, and resulted in 3 fatalities 

from the collapse of boundary walls beside a busy road. 

More recently, an earthquake of Mw 6.0 occurred on 30 

August 2013, followed by a Mw 5.0 aftershock a few minutes 

later. Shaking was felt in the Kathmandu Valley and in the 

central and western parts of Nepal, but no significant damage 

was reported. 

Table 2: Summary of major earthquakes felt in Kathmandu 

post 1934. 

Date Magnitude 

(Mw) 

Approx number of 

damaged buildings 

Fatalities 

15 January 1934 >8.0 n/a 8519 

29 July 1980 6.5 40,000 200 

21 August 1988 6.8 60,000 1,091 

18 September 2011 6.9 n/a 8 

30 August 2013 6.0 n/a 0 

n/a – data not available  

2015 Gorkha Earthquake and Aftershocks 

The Mw 7.8 2015 Gorkha earthquake occurred at 11:56 NST 

on 25 April 2015 with a focal depth of approximately 10-

15 km and an epicentre located near Barpak village in Gorkha 

district, which is located 77 km (48 miles) northwest of the 

capital city Kathmandu [14], see Figure 5. The earthquake 

occurred on the Main Himalayan Thrust as a result of 

unlocking between the subducting Indian Plate and the 

overriding Eurasia Plate to the north, see Figure 2. The rupture 

propagated from west to east, thereby leading to more severe 

destruction in the eastern part of Nepal when compared to 

western Nepal [4]. 
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Figure 5: Map depicting epicentres of more than 100 

aftershocks that have occurred since the Mw 7.8 Gorkha 

earthquake in Nepal on 25 April 2015 [15]. 

The Gorkha earthquake was followed by hundreds of 

aftershocks on a daily basis. More than 390 aftershocks of 

Mw 4 or greater were recorded, 5 of which were greater than 

Mw 6. The largest aftershock was Mw 7.3 on 12 May 2015 (17 

days after the first earthquake), which substantially added to 

the damage and number of casualties. Almost all aftershocks 

originated from east of the epicentre of the main earthquake, 

extending up to 130 km to the east of the first epicentre [14]. 

The location, frequency, magnitude and the trend of the 

aftershocks are plotted in Figure 2 and Figure 6. The majority 

of the aftershocks were at a relatively shallow depth of less 

than 20 km below the Earth's surface (see Figure 2).  

 

Figure 6: Aftershock (above Mw 4) distance and magnitude 

[provided by Roger Bilham]. 

The 2015 Gorkha earthquake sequence was the most 

devastating disaster to strike Nepal since the earthquake in 

1934. Of the 75 districts of Nepal, 31 districts in the Western 

and Central regions were affected by the earthquakes, 

including the three districts in the Kathmandu Valley [16]. Out 

of 31 affected districts, 14 were declared as ‘crisis-hit’ [16]. 

Most of the afflicted districts are densely populated, including 

remote villages located on steep topography. Widespread 

earthquake damage was also reported in neighbouring China, 

India and Bangladesh [1] (see Table 3). 

Following the 2015 Gorkha earthquake sequence 513,500 

buildings were identify by the Nepal Government as fully 

damaged and 295,300 buildings were identified as partially 

damaged, including private and Government buildings (data 

recorded on 15 June 2015 [1]). Figure 1 shows the distribution 

of buildings that were damaged in different districts of Nepal, 

which are prevalently concentrated in the Gandaki, Bagmati 

and North of Janakpur Zones (highlighted in red and orange), 

located between Pokhara and Mt. Everest. However, the 

effects of the 2015 Gorkha earthquake were observed in many 

buildings throughout all parts of Nepal. Overall, millions of 

people were left homeless and the total direct financial loss 

exceeded $3.5 billion (USD) for the housing sector alone and 

$7.0 billion (USD) as a total direct loss [16]. A number of 

documents have been published pertaining to general 

observations following the 2015 Gorkha earthquake and 

aftershocks [17-18] and hence the information provided herein 

is presented in a brief summary form.  

Table 3: Causalities by country for the 2015 Gorkha 

earthquake [1]. 

Country Deaths Injuries 

Nepal 8,789 22,300 

India 130 560 

China 27 383 

Bangladesh 4 200 

Total  8,950 23,452 

A set of ground motions from a recording station in 

Kathmandu was made available by U.S. Geological Survey 

(USGS). The displacement, velocity and acceleration time-

histories recorded at the station along three directions are 

shown in Figure 7. It can be seen that N-S was the dominant 

shaking direction (although a comparable level of shaking 

took place in the E-W direction) and that the recorded peak 

ground displacement (PGD) and peak ground acceleration 

(PGA) were approximately 1.4 m and 0.16 g, respectively. 

The 5% damped acceleration response spectra of the two 

horizontal motions are plotted in Figure 8, together with the 

design spectra used in the Indian seismic design standard [19] 

for a site with comparable seismicity and with similar site 

conditions. It can be seen that the induced ground motions 

peak at periods 0.3 sec (N-S component) and 4.5 s (both N-S 

and E-W components) and exceeded the design demand for 

structures of all periods (except for stiff structures with a 

period less than 0.3 sec). The cause of the former is not clear 

to the authors at this stage, whereas the latter is caused by the 

combination of long-period content of seismic waves at source 

and site amplification due to the basin effects [18].  It should 

also be noted that the calculated design peak ground 

acceleration on the soft soil site in the Kathmandu Valley was 

estimated to be 0.36g [20] which is approximately double that 

of the recorded peak ground acceleration during the 25 April 

earthquake. Also, the induced demand was unusually high for 

structures with natural periods ranging between 4 and 6 

seconds. Despite spatial variation of ground motions, the 

earthquake spectra illustrated in Figure 8 partially explains the 

significant damage that was observed in tall and flexible 

reinforced concrete (RC) frame structures in the Kathmandu 

Valley. The modification of the motion, whereby high 

frequency components were filtered and the low frequency 

components were amplified, can be attributed to the presence 

of soft clay deposits in the Kathmandu Valley basin (location 

of the accelerogram recording station). This filtering may have 

resulted in the slow, rolling motions experienced in the 

Kathmandu Valley, where the motions were characterised by a 

large displacement amplitude with less severe peak ground 

acceleration, with large acceleration response across periods 

above 0.3s. 

 

CHINA 

INDIA 

NEPAL 
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Figure 7: Kanti Path, Kathmandu, Nepal (USGS Sta KATNP), Record of April 25, 2015 6:11:46.6 GMT (Filtering: Highpass at 

02 Hz (50 sec) USGS Strong Motion Processing.  

 

Figure 8: Response Spectrum of recorded ground motion for 

the Mw 7.8 main shock and its comparison with Indian 

design spectrum [19]. 

 

Figure 9: Comparison of empirical relations for attenuation 

of maximum ground acceleration with observed and inferred 

data [17]. Kantipath station is shown with a square.  

Although the available data is limited, an attempt was made by 

Aydan and Ulusay [17] to investigate the attenuation of 

maximum ground accelerations. Figure 9 shows the 

attenuation of strong motion together with observed and 

inferred data from collapsed or toppled structures. The data is 

approximately consistent with available empirical relations 

proposed by various researchers [17]. It is evident that the 

recorded PGA at the Kantipath station in Kathmandu was less 

than the value given by most attenuation relationships for the 

corresponding magnitude and distance.  

LOADBEARING MASONRY BUILDINGS 

During inspection surveys several types of unreinforced 

masonry (URM) loadbearing structures were identified [21], 

including the following -  

 Adobe masonry 

 Stone masonry with mud mortar  

 Stone masonry with cement-based mortars  

 Raw or kiln fired clay brick masonry with mud mortar  

 Kiln fired clay brick masonry with cement mortar 

Many older URM buildings were poorly maintained and in a 

deteriorated condition, and the harsh climate with heavy 

monsoon rains had resulted in the growth of moss and 

vegetation on building surfaces. In some cases it appeared that 

building maintenance measures were not taken until the 

building was in a state of near collapse. 

Current NZSEE guidance for the seismic assessment of 

unreinforced masonry buildings [22] is primarily focussed 

towards comparatively simple clay brick unreinforced 

masonry buildings as is typically encountered on the main 

streets of provincial New Zealand towns or the village centres 

of larger New Zealand cities [23]. Recognising that New 

Zealand practitioners would benefit from additional guidance 

regarding how to address a wider scope of URM building 

types, the macro-element procedure developed in Italy [24] is 

introduced here as a method to illustrate the utility of the 

procedure and as a resource for future possible introduction of 

the method in New Zealand. The method was previously 
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applied to unreinforced masonry churches damaged in the 

Canterbury earthquakes [25].  

Unreinforced Stone Masonry Buildings 

Unreinforced stone masonry was the most commonly 

occurring building type in the severely-affected rural areas, 

where this building type suffered a disproportionally high 

level of damage. Typically the walls of unreinforced stone 

masonry buildings are constructed of boulders, rubble stones, 

or dressed/semi-dressed stones using mud mortar or in some 

cases dry stacked masonry units. Floor diaphragms are 

commonly constructed using timber members overlaid with 

mud. The roof is usually constructed using lightweight 

corrugated iron sheets or slate tiles on timber framing (see 

Figure 10 and Figure 11). These buildings are commonly 

single or two storeys high with an attic storage space. 

Typically there is a lack of integrity between orthogonal walls, 

and between walls and floor/roof diaphragms. Stone masonry 

buildings are sometimes constructed using cement mortar, and 

may have RC floor and roof diagrams as shown in Figure 12.  

Damage Mechanisms in Stone Masonry Buildings 

Wall delamination: Use of weak mud mortars and poorly 

integrated multi-leaf stone walls frequently led to 

delamination of wall cross-sections and potential collapse of 

buildings (see Figure 10). 

 

(a) Stone masonry building in 

Chautara 

27° 46’ 38.48” N 85° 42’ 22.91” E 

 

(b) Stone masonry building 

in rural area  

28° 12’ 31.84” N 84° 4’ 52.33” E 

Figure 10: Examples of observed delamination of external 

stone leaf (provided latitude and longitude coordinates are in 

the WGS84 standard format). 

Out-of-plane failure mechanisms: As expected for buildings 

with architectural features such as long span façades, flexible 

floor diaphragms, and weak connections between return walls, 

partial or complete overturning or instability of loadbearing 

walls was commonly observed, with damage ranging from 

moderate to severe and in many cases partial/full building 

collapse. Most buildings with out-of-plane failures appeared to 

have poor return wall connections, leading to return wall 

separation and subsequent out-of-plane failure of entire walls 

(see Figure 11). Connections between diaphragms and walls 

were non-existent in almost all observed buildings.  

In-plane failure mechanisms: Whilst most stone masonry 

building failures were attributed to out-of-plane mechanisms, 

a number of in-plane failure mechanisms were also observed. 

Stone masonry buildings with corner damage are shown in 

Figure 11. Rocking and shear failures in stone masonry piers 

and spandrels were also observed in a number of cases (for 

example see Figure 11a,b and Figure 13a). Stone masonry 

buildings that were constructed using well integrated RC floor 

and roof diaphragms and good mortar (such that potential out-

of-plane mechanisms were mitigated) generally resulted in 

adequate performance with minimal observed damage (see 

Figure 12 for example).  

 

(a) Traditional stone masonry building with in-plane and 

corner damage  

 

(b) Stone masonry building 

in Chautara 

 

(c) Typical wall cross-

section and OOP damage 

(Chautara)  

Figure 11: Corner damage to unreinforced stone masonry 

buildings. 

 

Figure 12: Unreinforced stone masonry building with 

cement mortar and RC floor and roof diaphragms (minor to 

no damage observed).
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(a) Out-of-plane collapse and in-plane failures both in the 

piers and spandrels 

 

(b) Collapse due to poor quality of the masonry (Chautara) 

 

(c) Damaged dry stacked stone masonry building 

Figure 13: Collapse of unreinforced stone masonry 

buildings with mud mortar or dry stacked masonry. 

Unreinforced Clay Brick Masonry Buildings 

Unreinforced clay brick masonry is widely used in the 

construction of Nepalese buildings and was a commonly 

encountered form for loadbearing masonry construction. 

Commonly sun dried (adobe) or kiln fired bricks are used for 

building construction, with mud mortar joints.  

Clay Brick Manufacturing in Nepal  

Clay brick manufacturing activity is prevalent throughout 

Kathmandu Valley and is briefly reported herein in order to 

provide background to brick construction in Nepal. Variations 

of Hoffmann type kilns were observed, where the principle of 

regenerative heating is utilised. A Hoffmann kiln consists of 

several chambers that are connected together such that heat is 

transferred from one chamber to another until it has dissipated. 

Each chamber has an outer door, holes at the top for fuel 

insertion, and a small flue which is connected to the chimney 

flue to generate heat. The chambers are typically divided using 

intercepting dampers. Figure 14 illustrates the typical stages 

that are involved in the brick manufacturing process observed 

in Kathmandu Valley.  

  

(a) Raw material (b) Mud and hand moulded bricks 

  

(c) Sun drying (d) Stacking of ‘raw’ bricks in the 

kiln and isolation cover 

  

(e) Fuel for firing 

chamber 

(f) Air fan for enforced air 

movement 

  

(g) Removal 10-15 

days after baking 

(h) Finished brick product 

Figure 14: Clay brick manufacturing process. 

Common Construction Practice and Building Typologies 

Clay brick URM construction practice was widely variable 

between inspected buildings and Figure 15 to Figure 17 

illustrate commonly observed details for the construction of 

walls and diaphragms. Mud mortar is typically sourced from 

or near a construction site and is manually mixed on-site using 

shovels, hands and feet. The quality of mud is highly 

depended on the location of extraction. In almost all observed 

cases the bricks were laid in an English bond pattern (see 

Figure 15). In some cases it was observed that ‘raw’ clay 

bricks (adobe, sun dried only) were used in construction in 

order to reduce material cost and better thermal properties. It 
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is not uncommon for the buildings located in Kathmandu 

Valley, mostly in the older buildings, to be clad adobe walls 

with fired clay bricks used for the exterior leaf to protect 

adobe from weather and for aesthetic reasons. However, the 

cladding veneers are not tied to the main structural walls. The 

walls are usually 230 to 460 mm thick. However, palaces and 

monumental buildings have walls with larger thickness. It was 

observed that poor corner return wall interconnection is 

common.   

  

(a) Mud mortar mixing onsite (b) Brick and mortar 

transportation 

 

(c) Masonry construction, using English bond pattern and fired 

clay bricks 

 

(d) Masonry construction, using English bond pattern and 

‘raw’ clay bricks (sun dried only) 

Figure 15: Commonly encountered construction of 

loadbearing unreinforced masonry walls. 

In residential multi-storey clay brick URM construction, 

flexible timber floors are present and at times were observed 

to be constructed of timber beams that were supplemented by 

bamboo canes positioned between the timber beams to reduce 

the cross-span dimension (see Figure 16). Smaller bamboo 

canes or split bamboo are used for planking, with a mud 

topping (see Figure 23b). This type of building typology 

typically occurs in poorer residential areas and frequently 

consists of closely spaced standalone or row multi-storey 

buildings, as shown in Figure 17a. Typically, these buildings 

have a simple rectangular plan with a width of approximately 

6 m and a length varying from 3 to 10 m. The foundation is 

usually a shallow type strip footing made using stones in mud 

mortar. 

 

(a) Bamboo floor diaphragms with a heavyweight mud 

topping (typical domestic URM construction) 

 

(b) Timber floor diaphragm, in some cases with heavyweight 

brick and mud topping 

27°40’51.54”N 85°19’6.54”E 

 

(c) Jack arched heavyweight diaphragms, with thickness 

ranging up to 400 mm (16”) – mainly in Palace-type buildings 

27°40’51.54”N 85°19’6.54”E 

Figure 16: Typical diaphragms used in loadbearing URM 

buildings with no diaphragm-to-wall connections.
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Some newer commercial and mid-rise URM buildings in more 

affluent areas were observed to consist of well fired clay brick 

URM and cement-based mortar construction with RC floor 

and roof diaphragms, with examples of such building types 

shown in Figure 17b,c. In buildings of higher importance, 

such as palaces (traditional Nepali architecture and Victorian 

era architecture), regularly spaced timber joists are used with 

tongue and groove type flooring (see Figure 16b), similar to 

commonly observed diaphragm construction in New Zealand 

vintage URM buildings. The floor is then commonly overlaid 

with brick and/or mud topping. Wall-to-diaphragm 

connections were not observed for any of the URM building 

types. In some Palace type Victorian style URM buildings 

jack arched heavyweight floor and roof diaphragms with a 

thickness ranging up to 400 mm were identified. Such systems 

are commonly used for rooms of high importance where sound 

and vibration isolations is important and in areas of high foot-

traffic, such as hallways (see Figure 16c). Examples of typical 

Palace type buildings are shown in Figure 17d,e. 

Damage Mechanisms in Clay Brick URM Buildings 

Out-of-plane failure mechanisms: Clay brick URM buildings 

were observed to commonly suffer damage due to deficient 

lateral capacity, lack of integrity between walls, and lack of 

connection between the walls and floor/roof diaphragms. Out-

of-plane wall collapse was the most commonly observed 

failure mode for clay brick URM buildings following the 25 

April 2015 Gorkha earthquake, with many multi-storey 

buildings losing their entire front façades or upper storey 

walls. As seen in past earthquakes, for example the 1997 

Umbria-Marche, Italy earthquake, the 2009 L’Aquila, Italy 

 

(a) Examples of standalone and row loadbearing URM buildings with mud mortar in poorer residential areas 

 

(b) Example of residential URM buildings with cement mortar 

and RC floor and roof diaphragms 

 

(c) Example of mid-range URM buildings with cement mortar and 

RC floor and roof diaphragms 

 

(d) Example of a typical Rana Palace with mud mortar  

27°40'14.26N 85°18’48.97E 

 

(e) Victorial style Palace in Kathmandu Durbar Square 

Figure 17: Examples of typically occurring typologies for loadbearing clay brick unreinforced masonry buildings. 
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earthquake  [26-29] and the 2010/2011 Canterbury earthquake 

sequence [30-31], façade walls are amongst the most 

vulnerable elements of URM buildings and are often subjected 

to out-of-plane overturning mechanisms in the form of macro-

elements.  

The failure mode involving separation of the front façade and 

return walls was commonly observed due to poor 

interconnection of return walls, as can be seen in the multiple 

examples shown in Figure 18. Façade overturning in buildings 

where corner connections were adequate are shown in Figure 

19.  

Out-of-plane wall failures due to roof diaphragm flexibility 

were also observed and are shown in Figure 19 and Figure 20.  

Schematics are provided to aid with visualisation of this type 

of failure mode. As observed in numerous other earthquakes, 

out-of-plane collapse of the gable end walls was widely 

observed throughout Kathmandu Valley (see Figure 21).  

Overturning of the building plan protrusions was observed in 

some of the historic Palace type URM buildings (see Figure 

22), similar to damage that was observed and categorised in 

Italian [27] and New Zealand [25] churches following recent 

earthquakes. Due to building plan irregularity the protrusions 

typically sustained more damage than the rest of the building, 

in some cases leading to full collapse of the building 

protrusions as shown in Figure 22b.  

Movement of the floor diaphragm relative to the loadbearing 

URM walls was commonly observed in all types of URM 

buildings, and in some cases permanent movement of the floor 

joists relative to the adjacent wall of up to 100 mm was 

recorded, as shown Figure 23a. In some cases movement of 

the floor diaphragm led to full collapse of the heavy brick and 

mud floor topping, as shown in Figure 23b. Dislodged heavy 

roof tiles (see Figure 23c) were commonly observed, and on 

close inspection these roof tiles were usually not secured to 

the supporting timber framing below. 

 

 

(a) Return wall separation 

 

(b) Return wall separation 

27°40’56.64”N 85°22’55.52”E 

 

(c) Wall collapse due to return 

wall separation 

 

 

(d) Schematic of return wall 

separation [24] 

Figure 18: Observed example of return wall separation and overturning of the façade. 

 

 

(a) Precursor to partial overturning of the façade (b) Schematic of façade partial 

overturning [24] 

 

(c) Schematic of out-of-plane bending 

of the wall [24] 

Figure 19: Example of initiation of overturning of façades where return wall separation occurred through wall penetrations 

adjacent to building corners. 
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(a) Out-of-plane wall failure 

 

(b) Out-of-plane wall failure 

 

(c) Schematic of out-of-plane 

failure [24]. Also see Figure 21c 

Figure 20: Out-of-plane wall failure due to roof diaphragm flexibility and three-sided boundary condition. 

 

 

(a) Gable and partial façade wall collapse  

 

(b) Gable and partial façade wall collapse 

 

 

(c) Schematic of gable and 

partial façade collapse [24] 

Figure 21: Out-of-plane collapse of gable end walls. 

 

 

(a) Partial overturning  

27°40'42.38N 85°19'2.62E 

 

(b) Collapse  

27°40'47.88N 85°18'49.41E 

 

 

(c) Schematic of overturning [24] 

Figure 22: Overturning of the building plan protrusions. 
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(a) Pull out of the timber joints supporting 

floor diaphragm  

27°40’51.54”N 85°19’6.54”E 

 

(b) Floor collapse, also showing bricks 

and packed mud overlying floor joists 

27°40'47.88N 85°18'49.41E 

 

(c) Dislodged heavy roof tiles 

27°40'47.88N 85°18'49.41E 

 

(d) Schematic of diaphragm movement [24] 

 

(e) Schematic of floor collapse [24] 

 

(f) Schematic of dislodged heavy roof 

tiles [24] 

Figure 23: Damage to floor and roof diaphragms.

In-plane failure mechanisms: Other mechanisms that were 

frequently encountered in clay brick URM buildings in Nepal 

are associated with in-plane response of the structure. Damage 

occurring in the plane of URM walls was widely observed, 

including: 

 In-plane damage to arches 

 Diagonal shear cracking in piers, spandrels and walls 

 Shear sliding on mortar bed joints or between storeys 

 In-plane rocking and toe crushing of piers. 

Significant in-plane damage to arches found in Victorian style 

Palace-type URM buildings was observed, as shown in Figure 

24. In most cases the middle portion of the arch remained in 

place but appeared to be in a near-collapse state.  

Diagonal shear cracking was observed in piers, spandrels and 

internal walls. Figure 25 shows shear cracking in internal 

walls and in piers respectively, while Figure 26 shows severe 

near-collapse shear failure of a clay brick external pier in a 

building with rigid RC floor diaphragms.  In Figure 27, 

compression of piers and minor evidence of toe crashing is 

shown for a three storey URM building with RC floor and roof 

diaphragms. This particular building showed evidence of 

highly torsional response with pier compression failures 

occurring at the external corner piers.  

Several types of spandrel failure were observed, including 

flexural cracking, diagonal cracking and bed joints sliding, see 

Figure 28. Failure types depended on spandrel geometries, 

relative material properties, and boundary conditions. 

 

 

(a) Significant damage to arch 

27°41'24.54N 85°19'11.77E 

 

(b) Significant damage to arch 

27°41'24.54N 85°19'11.77E 

 

 

(d) Schematic of arch damage [24] 

Figure 24: In-plane damage to arches. 
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(a) Diagonal shear cracking observed in internal 

loadbearing walls 

 
(b) Schematic of diagonal shear cracking observed in 

internal loadbearing walls [24] 

Figure 25: Diagonal shear cracking in internal loadbearing 

walls. 

 

(a) Severe diagonal shear cracking of piers 

 

(b) Schematic of diagonal shear cracking of piers [24] 

Figure 26: Diagonal shear cracking of piers. 

 

(a) Loadbearing URM building with rigid RC diaphragms  

  

(b) Compression 

damage of pier 

(c) Signs of toe crushing at external 

building corner  

Figure 27: Compression damage of corner piers. 

 

 

 

 

(a) Flexural cracking 

 

 

 

 

(b) Diagonal cracking 

 

 

 

 

(c) Bed joint sliding 

Figure 28: Observed in-plane spandrel damage types. 

(c) (b) 
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Pounding damage was observed in densely populated areas 

where rows of buildings with varying heights and lack of 

seismic separation gaps were located. Pounding induced 

lateral forces at the contact points that resulted in localised 

heavy in-plane damage of loadbearing URM piers, as shown 

in Figure 29, which led to a state of near collapse for many 

buildings [see 32].  

 

(a) Pounding damage example  

 

(b) Close-up of (a) 

 

(c) Pounding damage example  

 

(d) Close-up of (c) 

 

(e) Schematic of pounding damage [24] 

Figure 29: Observed damage due to pounding. 

MASONRY TEMPLES  

This section is intended to provide a brief overview of the 

observed damage types for cultural heritage sites in 

Kathmandu Valley. A database of selected cultural heritage 

sites in Kathmandu that were damaged during the Gorkha 

earthquake is presented in [33] and in other online sources. 

Nepal has eight cultural UNESCO World Heritage cultural 

sites, out of which seven are located in the Kathmandu Valley. 

The cultural heritage sites located in the Kathmandu Valley 

were severely damaged in the 1934 earthquake [9, 34] and 

subsequently rebuilt.  

Many of the temples in Kathmandu Valley that were destroyed 

or badly damaged by the 2015 earthquakes were located in the 

three main Squares: Kathmandu Durbar Square, Patan Durbar 

Square and Bhaktapur Durbar Square. Selective examples of 

observed damage to temple towers in Bhaktapur Durbar 

Square are shown in Figure 30. Durbar squares, consisting of a 

combination of palaces, temples and courtyards surrounded by 

residential buildings which were originally constructed during 

the era of the old Malla Kings dating back to the 15th century. 

Nepalese Pagoda temples were constructed as structures 

reserved for religious or spiritual activities, and began to 

appear around the middle of the 14th century during the Malla 

Dynasty (1200–1768) [34]. These temples are constructed 

using clay brick masonry and timber members with tiles or 

metal roof coverings [36]. 

 

(a) Partial collapse of a small temple tower, with remaining 

buildings standing but with some damage 

 

(b) Partial collapse of 

temple tower exposing the 

wall cross-section and 

internal construction  

 

(c) Partially collapsed red-

clay brick temple  

Figure 30: Observed damage to temple towers at Bhaktapur 

Durbar Square.  

Observed damage to temples and an example temple cross-

section is shown in Figure 31 and Figure 32. Well dressed and 

dry stacked stone masonry temples with symmetrical and 

regular geometries performed well with relatively minor 

damage observed (see Figure 33). 

 

(a) Collapse of top portion of a Pagoda type temple 

Figure 31 continued next page  

(b) 

(c) 
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(b) Leaning of top portion of a 

Pagoda type temple 

 

(b) Cross-section 

showing foundation and 

wall thicknesses [35] 

Figure 31: Observed damage to tall Pagoda type temples and 

example building cross-section.  

 

(a) Damage to smaller Pagoda 

temples with temporary 

propping to reduce further 

damage during aftershocks 

 

(b) Cross-section showing 

foundation plinth and large 

wall thicknesses [35] 

Figure 32: Observed damage to smaller Pagoda type temples 

and example building cross-section. 

 

(a) Minor damage in masonry 

temple  

 

(b) Minor damage in 

octagonal temple built in 

1637-47 

Figure 33: Minor damage observed to dry stacked granite 

stone temples in the Patan Durbar Square, Kathmandu 

Valley. 

RC FRAME BUILDINGS WITH MASONRY INFILL  

Cast in-situ RC moment-resisting framed buildings with 

masonry infill (hereafter referred to RCFMI buildings) are one 

of the most commonly encountered structural types in urban, 

and semi-urban areas of Nepal for office, residential, and 

institutional uses. This building typology has rapidly emerged 

in Nepal over the last few decades, with most RCFMI 

buildings having been constructed in the last 30 to 40 years. 

Construction of RC shear wall buildings was rarely observed, 

although lift cores are at times constructed using RC structural 

walls. RCFMI buildings vary widely in height, with the most 

commonly occurring heights ranging between 2 and 6 storeys, 

but with several RCFMI apartment buildings that are over 20 

storeys high.The roof and floor diaphragms of these buildings 

are typically cast in-situ RC slabs. The cladding and partition 

walls are usually constructed using concrete block, clay brick 

or stone masonry, with the use of clay bricks in cement mortar 

being the most common form for the construction of partition 

walls and external perimeter infill walls. 

RCFMI buildings are usually designed (only in cases where 

they are engineered) as bare frame moment resisting frame 

buildings, and hence brick or block masonry infill is 

structurally not required but is typically installed as partitions 

or cladding within the frame, despite the fact that the deficient 

effects of these masonry infill walls are well documented. 

URM partition walls are usually one leaf (110 mm) thick and 

external URM infill walls are usually two leafs (230 mm) 

thick. Usually these infill walls are neither tied into the frame, 

nor reinforced, although in a small number of cases two 6 mm 

diameter bars are placed every fifth or sixth brick course. It is 

common practice to construct the RC frame first and lay the 

URM walls later (infill frame), although construction of walls 

first and framing elements later (referred to as confined 

masonry) is not uncommon for small buildings [37]. Due to 

irregular brick sizes and other imperfections in construction of 

walls and concrete elements, thick cement plaster of up to 

40 mm in thickness was common observed. The unnecessary 

thick plaster layers hide any imperfections within structural 

elements and result in additional seismic weight of a building. 

Typical construction details for RC frame buildings with 

masonry infill are illustrated in Figure 34 and Figure 35. 

 

(a) Foundation pit with 

URM walls and RC column  

 

(b) Stones commonly used 

for foundations  

 

(c) Construction of foundation grid with RC ring beams 

and column reinforcing  

Figure 34 continued next page 
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(d) Construction of the reinforced concrete stringcourse 

 

(e) Typical diaphragm used in confined masonry buildings 

(showing type of formwork used) 

Figure 34: Typical construction of RCFMI buildings.  

 

(a) Building during 

construction  

 

(b) Completed building, 

typically left unplastered  

 

(c) Building finished with 

rendered plaster and paint  

 

(d) Building clad with tiles 

and plaster  

Figure 35: Typical RCFMI buildings. 

  

(a) Cantilever/overhanging 

floor levels resulting in severe 

elevation irregularity   

(b) Slender building with 

split levels and no seismic 

separation gabs between 

buildings 

Figure 36: Common adverse irregularity features of RCFMI 

buildings in the Kathmandu Valley. 

Although many RCFMI buildings with masonry infills 

suffered damage, well-conceived buildings performed 

remarkably well. The main deficient features of RCFMI 

buildings were: 

• Adverse building geometrical features (Figure 36) 

• Soft storey failure mechanisms (see Figure 37)  

• Poor construction quality (see Figure 38) 

• Settlement of foundations (see Figure 39) 

• Out-of-plane and in-plane damage to masonry infills 

(see Figure 41 to Figure 42) 

• Poor reinforcement detailing (see Figure 43) 

• Location of building appendages (see Figure 45). 

RCFMI buildings frequently suffered from configuration 

problems and from strength and ductility deficiencies. Column 

failure that led to partial or total building collapse was 

occasionally observed, and it was evident that the masonry 

infills in these buildings acted as diagonal compression struts 

with the RC beam and column frame members behaving as tie 

members, holding the masonry infill panel together rather than 

acting as a moment-resisting frame. The developed forces are 

transferred to the RC frames and introduce additional shear 

demands into the columns. In moment-resisting frames a 

strong beam-weak column hierarchy appeared to be common 

based on numerous observations of column hinging failures.  

Subsequent sections briefly describe observations made by the 

reconnaissance team during the post-earthquake surveying 

efforts. Multiple earthquake reconnaissance studies around the 

world [38-42] have previously reported observed damage 

pertaining to the performance of RCFMI buildings that are 

similar to the buildings observed in Nepal. Hence, the 

included information herein is brief and not intended to repeat 

what are well-known issues with this building type.  

Soft Storey Collapse Mechanisms 

A major problem with current Nepalese RCFMI buildings is 

the formation of a soft storey mechanism, particularly at (but 

not limited to) the ground storey. Typically the ground floor of 

such buildings functions as an open shop-front or similar, in 

order to satisfy the functional requirements of street-front or 

ground-level uses (without masonry infills), thereby reducing 

the stiffness and capacity when compared to the portions of 

the building containing masonry infills.  
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(a) Soft storey collapse example 1 

 

(b) Soft storey collapse example 2 

 

(c) Soft storey collapse example 3 

 

(d) Pancake collapse 

Figure 37: Soft storey collapse examples. 

Damage Induced due to Poor Quality of Construction 

A major issue with current design and construction practice in 

Nepal is the detailing of RC members. The quantity and 

quality of the reinforcement used in these buildings is often 

inadequate and ductile design is still not considered as an 

integral part of seismic construction. Some of the commonly 

encountered detailing problems are insufficiently large 

spacing of ties in columns and beams, inadequate anchorage 

of reinforcement, improper bending of hooks, insufficient 

reinforcement in the beam-column connections, insufficient 

concrete cover, and improper splicing of reinforcement. Poor 

construction quality was widely observed during the post-

earthquake inspections, with some commonly encountered 

examples provided in Figure 38. 

  

(a) Poor quality concrete (b) Insufficient lap splice length 

 

(c) Column of a collapsed RC building 

Figure 38: Damage induced by poor quality of construction. 

Damage due to Foundation Settlement 

In some parts of Kathmandu Valley widespread differential 

settlement of buildings was observed (see Figure 39). Many 

observed cases were related to poor ground performance under 

earthquake conditions and the use of non-engineered 

foundations. 

 

(a) Differential movement 

due to foundation rotation 

 

(b) Vertical differential 

movement due to settlement 

Figure 39: Observed damage due to foundation settlement. 

Insufficient lap splice 

Thick rendering 

plaster layer  

Clay brick as 

aggregate 

Poorly tied and 

widely spaced 

stirrups  Poor quality 

concrete 

>75 mm 

>100 mm 
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Out-of-Plane and In-Plane Damage to Masonry Infills 

Out-of-plane and in-plane damage to masonry infills was 

widely observed, particularly in areas near the epicentre and in 

the Kathmandu Valley. See Figure 40 to Figure 42 for 

examples.  

In some observed cases where openings through masonry 

infills were located adjacent to a column, the partial-height 

infill restrained the portion of the column below the opening, 

resulting in short-column effects, in turn leading to a brittle 

shear mode of failure in columns instead of the ductile flexural 

failure mode that was intended (see Figure 41).  

In areas where strong ground shaking occurred (i.e. Chautara 

near aftershock epicentre), multiple cases of significant shear 

dilation of infill walls was observed which led to further 

damage to the gravity loadbearing columns (see Figure 42b-c). 

 

Figure 40: Out-of-plane collapse of the infill masonry walls.  

 

Figure 41: In-plane damage to masonry infills and 

significant shear failure of RC columns due to ‘short-

column’ effect. 

Staircases  

The staircases of RCFMI buildings were observed to typically 

be constructed integral with the RC frames. The stair landings 

were commonly supported by masonry walls or landing 

beams, which essentially create short columns when subjected 

to lateral loads (Figure 43).  

 

 

(a) Significant sliding along mortar joints and bed joint shear 

failures of infill masonry walls 

 

(b) Significant shear dilation of infill walls leading to 

damage of gravity loadbearing columns  

 

(c) Severe shear dilation of infill walls leading to failure of 

gravity load supporting columns 

Figure 42: Significant in-plane damage to infill masonry 

walls. 

Water Tank Supports 

Due to the scarcity of fresh water, the regulated supply of 

ground water, and the low pressure of the water supply system 

in the Kathmandu Valley, water storage tanks are typically 

placed on roofs of newer buildings. Examples of the most 

commonly encountered arrangements of water tank support 

systems are illustrated in Figure 44. 

Shear failure of columns 
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(a) Severe damage to loadbearing column in four storey 

building due to a staircase 

 

(b) Column shear failure due to stairway landing connection at 

column mid-height 

 

(c) Close-up of b, shear failure of columns 

 

(d) Damage due to a rigid staircase  

Figure 43: Damage to loadbearing columns due to presence 

of a staircase.  

 

 

(a) Cantilevered RC support 

platform 

 

(b) URM support platform  

 

(c) Steel braced frame support 

frame  

 

(d) Shear wall type of 

support platform 

Figure 44: Commonly observed water tank support 

structures.  

Due to amplification effects up the building height and the 

slender heavy cantilevered mass atop of roofs, water tank 

supports suffered extensive and widespread severe damage, 

and in some cases collapsed (see Figure 45).  

 

(a) Plastic hinging of 

cantilevered RC support 

columns 

 

Figure 45 continued next page 

 

(b) Flexural cracking of 

cantilevered support 

column 
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(c) Collapse of cantilevered RC support platform 

 

(d) Insufficient lap splice (close-up of c)  

Figure 45: Typical damage observed for cantilevered RC 

water tank supports (180 mm lap splice). 

TALL BUILDINGS 

With increasing land cost and changes in living style, large 

multi-storey apartment and mall buildings have become 

common in Nepal in the last 10 years (see Figure 46). As with 

the mid-rise RCFMI building type, these buildings are usually 

designed as bare moment resisting frame buildings, and hence 

brick or block masonry infill is structurally not required but is 

typically installed as partitions or cladding within the frame. 

Infill walls remain popular because they provide better 

security, are durable and weather-tight, and are the most cost 

effective option.  

 

(a) Bare RC frame under 

construction with infills to be 

added later 

 

 

Figure 46 continued next column 

 

(b) Severe damage to lower 

floor infill walls in a multi-

storey RC frame residential 

building 

 

(c) Visible damage and cracking 

through plaster layer in masonry 

infill walls, exposing RC frame 

 

(d) Typical multi-storey RC 

frame building with masonry 

infill 

Figure 46: Multi-storey RC frame with masonry infill 

residential and mall buildings.  

TEMPORARY SHORING 

For URM buildings damaged in the 2015 Gorkha earthquake, 

simple temporary shoring was commonly used to stabilise 

buildings or building parts against collapse (see Figure 47 and 

Figure 48). When comparing these shoring examples with 

those used in the 2012 Pianura Emiliana (Italy) earthquake, 

the 2010-2011 Canterbury (New Zealand) earthquakes [31] or 

the 2009 L’Aquila (Italy) earthquake [39], it is evident that 

training that addresses the installation of temporary shoring in 

Nepal will allow for more robust and feasible 

implementations.  

 

(a) Shoring of a cultural 

heritage monument 

 

(b) Example of shoring using 

bamboo members 

 

(c) Example of shoring using timber members 

 

Figure 47 continued next page 
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(d) Example of shoring using timber members  

 

(e) An example of shoring using timber and steel members  

 

(f) Example of shoring along a narrow alleyway in 

Kathmandu  

Figure 47: Examples of temporary shoring and bracing of 

monuments and building of high heritage importance. 

 

(a) Example of a splice 

detail with three nails per 

side in a timber brace  

 

(b) Temporary propping of a 

near collapsing five storey 

residential URM building 

 

(c) Example of propping against extreme bulging of a 

five storey building 

Figure 48: Examples temporary shoring of URM buildings. 

SUMMARY AND CONCLUSIONS 

A brief background on the 2015 Gorkha earthquake was 

provided and common construction practices that were 

identified during the reconnaissance team efforts were 

presented and briefly explained along with the observed 

earthquake damage. Emphasis was placed on URM building 

typologies and construction practices. Comparisons between 

URM building damage and published macro-element failure 

modes were provided using photographic and schematic 

examples. Commonly observed failure modes and potential 

causes of failure are also highlighted for buildings constructed 

of RC frames with masonry infills. Overall a wide range of 

construction types were observed. The three principal building 

typologies observed in the area impacted by the 2015 Gorkha 

earthquakes are: (1) Unreinforced stone masonry; (2) 

Unreinforced clay brick (including ‘raw’ sun dried bricks) 

masonry (URM); and (3) RC moment-resisting framed 

buildings with masonry infill (RCFMI). 

Unreinforced stone masonry was the most commonly 

occurring building type in the areas most severely affected by 

the 2015 Gorkha earthquake and aftershocks, particularly in 

rural regions where this type of building suffered a high level 

of damage. Wall delamination, out-of-plane failure 

mechanisms, and in-plane failure mechanisms were observed. 

Unreinforced clay brick masonry is widely used in the 

construction of Nepalese buildings and was a commonly 

encountered form for loadbearing masonry construction. This 

type of building suffered significant damage due to:    

• Clay brick URM was observed to commonly suffer 

damage due to deficient lateral capacity, lack of integrity 

between walls, and lack of connection between the walls 

and floor/roof diaphragms. 
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• Out-of-plane wall collapse was the most commonly 

observed failure mode. 

• Movement of floor diaphragms relative to the 

loadbearing URM walls was commonly observed in all 

types of URM buildings. 

• Overturning of the building plan protrusions was 

observed in some of the historic Palace type URM 

buildings. 

• The failure mode involving separation of the return walls 

was commonly observed due to poor interconnection of 

return walls.  

• Out-of-plane wall failures due to roof diaphragm 

flexibility were also observed. 

Many RCFMI buildings suffered damage, but well-conceived 

buildings performed well. The main deficient features of 

RCFMI buildings were:  

• Adverse building geometrical aspects  

• Soft storey failure mechanisms  

• Poor construction practice and quality  

• Settlement of foundations  

• Out-of-plane and in-plane damage to masonry infills  

• Poor reinforcement detailing 

• Location of building appendages. 

Overall, most of the observed issues pertaining to poor seismic 

performance of buildings could be markedly reduced over 

time by improving and increasing the level of education of the 

building design, construction, maintenance, and property 

owner/management sector. 
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