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Part I: Introduction



Briefing of the Wenchuan Earthquake

2. ~69,000 dead, ~374,000 injured, 18,000 missing 

3. More than 216,000 buildings collapsed, including 6898 schools, and 

countless buildings were damaged to different extents.

1. Magnitude: Richter 8.0; Epicentre: 30.1°N 103.4°E (Yinxiu Town) 

4. Majority of the collapsed buildings are masonry buildings



Damage of masonry buildings and 

bottom frame masonry buildings

City / town Intact(%) Slightly to Moderately 

damaged (%)

Severely damaged 

to collapsed (%)

Chengdu 96.76 3.207 0.033

Deyang 50.29 47.2 2.51

Mianyang 55.93 33.8 10.27

Dujiangyan 20.7 24.1 55.2

Mianzhu 27.4 47 25.6

Yingxiu Almost completely destroyed

What was the real reason for such extensive and serious damage?

For those survived, what really protected them? Ductility or strength?

Our questions:



Collapsed masonry buildings



Design of masonry buildings in China
(1) A typical masonry building



Design of masonry buildings in China
(2) Construction detail of masonry building

 masonry brickwork is 
required to be restrained by
cast in-situ RC tie-beams
and tie-columns. 

 The minimum sizes of the 
tie-columns and beams are 
240 mm×180 mm and 120 
mm×180 mm (b×d), 
respectively.

 The tie columns are required 
to be reinforced by four 
longitudinal steel bars (fy = 
335 MPa) with diameters of 
12 mm. The concrete used 
should have a cube strength 
of at least 20 MPa.

A typical construction detail of confined 

masonry structures

Tie column

Source: Chinese Seismic Design Code: GB 50011-2001



 Tie-columns to be provided at several important positions as defined 
in Clauses 7.3 to 7.5: for example, at the four corners of the exterior 
walls, at both sides of large openings, and at intersections of interior 
walls and exterior longitudinal walls in large rooms, at the four 
corners of the staircases and elevator shafts.

 Horizontal tie-bars (two 6 mm diameter bars, 1 m long at 500 mm
vertical spacing) are used to improve the structural integrity between 
the tie-columns and the brickwork.

 Various types of brickwork, such as fired clay bricks, fired clay 
perforated bricks, and small hollow concrete blocks, are commonly 
used.

 The floor slab could be cast in-situ RC slab or precast RC slab.

Design of masonry buildings in China
(2) Construction detail of masonry building



Design of masonry buildings in China
(2) Construction detail of masonry building

Source: By courtesy of Prof. Wang Yayong



Design of masonry buildings in China
(3) Three earthquake design levels

 Seismic design of buildings is based on three 
earthquake design levels, namely:

 Frequent earthquake (PE=63%/50 years, RP=50 
years) requires no damage

 Occasional earthquake (PE=10%/50 years, RP=475 
years) requires repairable damage

 Rare earthquake (PE=2-3%/50 years, RP2000 
years) requires no collapse

 The design basic PGA, which corresponds to the 
occasional earthquake, is used to define fortification 
intensity.

 Frequent earthquake PGA values are used in calculation 
of EQ loads.

Source: The Chinese Seismic Design Code: GB 50011-2001



Design of masonry buildings in China 
(4) Design Seismic Loading
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Damping dependent coeff.

Fortification Intensity 

(Basic design PGA) 

VI 

(50) 

VIIa 

(100) 

VIIb 

(150) 

VIIIa 

(200) 

VIIIb 

(300) 

IX 

(400) 

Frequent earthquake 40 80 120 160 240 320 

Occasional earthquake 111 222 333 444 667 888 

Rare earthquake 255 500 720 900 1200 1400 

 

A table showing the design values of Cemax (unit in gal)

Source: The Chinese Seismic Design Code: GB 50011-2001



Design of masonry buildings in China
(5) Distribution of design basic PGA

Source: National Standard of PRC (2001), National Standard of the People’s Republic of China, Seismic 

Ground Motion Parameter Zonation Map of China GB18306-2001



Design of masonry buildings in China
(6) Ultimate design PGA value

City / town Fortification 

Intensity

Occasional EQ

(design basic)

PGA (gal)

Frequent EQ

(ultimate  design)

PGA (gal)

Chengdu Ⅶa 100 35.6

Deyang Ⅵ 50 17.8

Mianyang Ⅵ 50 17.8

Dujiangyan Ⅶa 100 35.6

Mianzhu Ⅶa 100 35.6

Yingxiu Ⅶa 100 35.6

 Chinese code adopts the frequent EQ PGA to calculate EQ loads.

 Ultimate design earthquake forces are obtained by multiplying the 

loading demand of frequent EQ by a safety factor of 1.3.



Part II: Analysis of damage of masonry 

buildings in Wenchuan Earthquake

 Strength demand

 Soft-storey failure

 Damage indicator

Strength is the key factor 

accounting for the collapse 

of masonry building

Inherent strength of masonry building :

Concepts & Assessment

Factors leading to much 

larger actual lateral strength 

than design strength



Strength demand

(1) Recorded PGA in Wenchuan Earthquake

Source: Li et al. (2008), Proceedings of the 14th World Conference on Earthquake Engineering, 12-17 

October 2008, Beijing, China, in CD Rom, 16 pages.

The maximum PGA reached 958 gal near Yingxiu and Beichuan.



Strength demand
(2) Basic Characteristic Period

Source: National Standard of PRC (2001), National Standard of the People’s Republic of China, Seismic 

Ground Motion Parameter Zonation Map of China GB18306-2001



Strength demand
(3) Some Strong motion records
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Characteristic period =0.4 sec

Spectral accel. ratios (2.7 to 

5.4)



Strength demand
(4) PGA Comparison

City / town Ultimate design PGA 

(gal)

Recorded 

PGA (gal)

Design 

overstrength ratio

Chengdu 35.6 130 3.7

Deyang 17.8 180 10.1

Mianyang 17.8 215 12.1

Dujiangyan 35.6 300 8.4

Mianzhu 35.6 350 9.8

Yingxiu 35.6 520 14.6

 The recorded PGA is found to be about 10 times higher than the 

ultimate design PGA, except Chengdu.

 Design overstrength ratio is obtained by dividing the ultimate design 

PGA with the recorded PGA



Strength demand
(5) RSA at Various Affected Regions

Characteristic period =0.4sec

Spectral accel. ratio = 3
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The Soft-storey failure

Field investigation: soft-storey failure is most evidenced, 

ductile failure is rarely seen.



The Soft-storey failure



The Soft-storey failure



Damage indicator
City / town Recorded

PGA (gal)

Overstrength 

ratio

Intact

(%)

Slightly to 

Moderately 

damaged (%)

Severely 

damaged to 

collapsed (%)

Chengdu 130 3.7 96.76 3.207 0.033

Deyang 180 10.1 50.29 47.2 2.51

Mianyang 215 12.1 55.93 33.8 10.27

Dujiangyan 300 8.4 20.7 24.1 55.2

Mianzhu 350 9.8 27.4 47 25.6

Yingxiu 520 14.6 Almost completely destroyed

 The overstrength ratio related to ductility demand, is not a good indicator of the 

damage. The EQ PGA related to strength demand, explains the damage well.

 In soft-storey failure, PGA increase from the formation of soft-storey to collapse 

is very small, typically 1.1~1.2; But we see here very large strength demands.

 Such large strength demands indicates that, for those survived, the actual 

lateral strength must be much larger than the design strength.



Inherent strength of masonry buildings
(1) Factors enhancing lateral strength

 Controlling load. Design of low-rise buildings in low-
seismicity areas is often controlled by gravity loads 
rather than lateral wind or earthquake loads.

 Non-structural components. The stiffening and 
strengthening effects from non-structural components, 
such as infill walls and partitions, are conservatively 
ignored in earthquake design calculations.

 Materials. The actual strengths of construction 
materials are much higher than the design characteristic 

strengths.



Inherent strength of masonry buildings
(2) Concepts regarding Inherent strength

 The ultimate lateral strength associated with 
swaying is defined as the inherent lateral 
strength. 

 The inherent strength considers the strengths 
from both non-structural and structural
components.

 The inherent strength is estimated at peak 
loading (or yielding) status.

 Premature failure should be avoided so that 
integrity is maintained and inherent strength can 
be achieved.



Inherent strength of masonry buildings
(3) Premature failure before global swaying

They leads to brittle partial collapse of buildings.

 Tearing failure of tie-beams and floor diaphragms

 Tensile failure of tie-columns

 Out-of-plane dislocation failure of load-bearing masonry 

walls



Inherent strength of masonry building
(4) Model of inherent strength

Consider a first-mode dominant masonry building under seismic attack, represented as a SDOF system.

A building
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Source: Zhu et al.(2007), Cursory seismic drift assessment for buildings in moderate seismicity regions. 

Earthquake engineering and engineering vibration. 6(1), 85-97. 
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Sa: Spectral acceleration capacity

T: Lengthened natural period due to stiffness 

degradation



Inherent strength of masonry building
(5) Natural periods of masonry buildings

Liang and Chen (2006) reported that the lengthened structural period T for 

strength degraded masonry structures may be expressed as

Hb and B: the height and depth of the building;

β: the period shift factor which accounts for the effect of period lengthening 

under strong shakings, can be obtained from the stiffness degradation factors.

Source: Liang SH and Chen ZF (2006) Research on the formula of vibration period about 

masonry structure supported by frame, Jiangsu Jian Zhu (in Chinese), 107 (4), p18-20.

BHT b /0463.0 



Inherent strength of masonry building
(6) Parameter value

 λ: ranges from 1.6 to 2.9 (Zhu et al. 2007) , 
conservatively taken as 2.5 for seismic assessment 
purposes;

 θy: ranges from 0.5% to 0.9% (e.g. Kwan et al.; Jin et al.; 
Zheng et al.; Gao);

 β: varys from 1.6 to 2.3 (Kwan et al.; Zheng et al.).
Source: 

Zhu et al.(2007), Cursory seismic drift assessment for buildings in moderate seismicity regions. Earthquake 

engineering and engineering vibration. 6(1), 85-97. 

Kwan et al.(1996). Study on seismic behavior of brick masonry infilled reinforced concrete frame structures. 

Earthquake Engineering and Engineering Vibration. 16(1), 87-98.

Jin et al.(2001). Experimental study on lateral resistance behaviour of small concrete hollow block wall with 

difference constructional measures. Journal of Building Structures. 22(6), 64-72. 

Zheng et al.(2004). Experimental study on aseismic behavior of masonry building with frame – shear wall 

structure at lower stories. China Civil Engineering Journal. 37(5), 23-31. 

Gao(2007). Structural analysis for storey-adding of existing brick masonry buildings by incorporated 

masonry-in-frame system. Journal of East China. Jiaotong University. 24(1), 40-43.



Inherent strength of masonry building
(7) Calculation of a building

Parameters:

Building depth (B) = 12m

Storey height = 4m at ground floor and 2.8m for all other floors

λ = 2.5, β = 1.9

Number of Storeys 2 3 4 5 6 7

Hb (m) 6.8 9.6 12.4 15.2 18 20.8

T(sec) 0.102 0.173 0.245 0.316 0.387 0.458

Sa

(m/s2)

θy=0.5% 17.9 12.7 9.8 8.0 6.8 5.8

θy=0.8% 28.6 20.2 15.7 12.7 10.8 9.3



Inherent strength of masonry building
(8) Comparison of spectral acceleration demands 

and capacity in various areas
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Note: Premature failure should be avoided so that inherent strength can be achieved.



Thinking in Chinese seismic design code

 Ductile failure desired in Chinese code is hard to 
implement and not evidenced for masonry buildings.

 Inherent strength is much larger than design strength.

 Real effect of tie-column and tie-beam system: maintain 

the integrity, avoid premature failure, not act as second 

defense line.



Conclusions

 Inherent strength, rather than ductility, protected 
the low-rise masonry buildings in rare 
earthquake.

 Seismic measures in Chinese code is effective 
and very important, but the real effect is  
maintaining the integrity, rather than acting as 
second defense line or increasing ductility.

 The inherent strength-based approach should 
be used in the design of low-rise masonry 
buildings.

 More studies into the factors of inherent strength  
need to be done.



Thank You for Your Kind 

Attention


