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Collapse in the Weak DirectionCollapse in the Weak Direction



Typical Elevation of School BuildingsTypical Elevation of School Buildings

Window Sills and Captive Columns



Column Failures but No CollapseColumn Failures but No Collapse
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Hsin-Tseng Junior High School
Hualien County, , Taiwan

North



Material Properties andMaterial Properties and
Column ReinforcementColumn Reinforcement

MPafc 26=′ MPaf y 320=

C1 C2 C3 C4

36

36

36

30

30

30

8-#6 8-#6 4-#4

24

24

4-#5
4-#6

cm20@6φ cm20@6φ
cm20@6φ

cm20@6φ

hook090 hook090 hook090hook090



Testing ObjectivesTesting Objectives

Lateral Load Test
Seismic resistance

along corridor direction

Vertical Load Test
Vertical load

carrying mechanism
after column failures
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Braces and JacksBraces and Jacks



InstrumentationInstrumentation

Displacement Gauge:

Loaded EndFree End
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Free End

Lateral DisplacementLateral Displacement
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Test ResultsTest Results

Vmax=2913KN, story drift=2%

Vu=1942kN,
story drift=4%
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Failure Mode 1Failure Mode 1 FlexuralFlexural
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Failure Mode 2Failure Mode 2 Flexural ShearFlexural Shear

Captive

Column



Degradation of Shear StrengthDegradation of Shear Strength
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Sezen and Moehle (ASCE 2004)
Shear Strength Model for Lightly Reinforced Concrete Columns
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Strength PredictionStrength Prediction

)(kNV
Vmax=2913kN

kN
h
Mn 21432

=Σ

Participation of Other Elements?



Contributions of Brick WallsContributions of Brick Walls

Frame 3 Brick Wall Frame 2 Brick Wall

Flexural Tensile Crack

Concrete Spalling



Area ofArea of
Brick Walls

Area ofArea of
Columns
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Contributions of Brick WallsContributions of Brick Walls

Mid-Height Displacement
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Tri-linear Approximation

Measured Force -
Displacement Relationship
for Cracked Wall

∆1 ∆ 2 ∆Instability

Tri-linear Stiffness Model (adapted from Doherty, 2000)



Retrofitting of Brick WallsRetrofitting of Brick Walls

Brick 
Wall

RC floor FRP

Carleton-NCREE 
Patent



Vertical Load TestVertical Load Test



Test ObjectiveTest Objective

Typical Column Failures
of School Buildings

Failures of
Captive Columns



Test SetupTest Setup



InstrumentationInstrumentation

Displacement
Gauge



Loading Loading -- Water TanksWater Tanks

Total Load of 
Water = 1040kN 

Weight of Water

Weight of Building
7.0≅



Test ResultsTest Results



Crack Pattern Crack Pattern –– Flexural Cracks

Max. width of 
crack = 0.45mm

Under 
Loading
Before 
Test

Max. residual width
of crack = 0.2mm

Loading
Removed
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Vertical Load Carrying Mechanism ExistsVertical Load Carrying Mechanism Exists

Brick 
Wall

RC Floor

Brick 
Wall

Column
Failures



Future StudyFuture Study

OutOut--ofof--PlanePlane ResistanceResistance
of Brick Wallsof Brick Walls

More More Field TestsField Tests
of School Buildingsof School Buildings



Test of Brick WallsTest of Brick Walls
OutOut--ofof--Plane BehaviorPlane Behavior



Field TestsField Tests –– KouhuKouhu Elementary SchoolElementary School
(Summer, 2005)(Summer, 2005)



Static Pushover Tests

1. More Axial Loads

2. Effect of  Retrofitting Using
RC Wing Walls

3. In-Plane Seismic Resistance
of Brick Walls



Testing PlanTesting Plan
Lateral Load Test

Seismic Resistance
of Brick Walls

Pure Frame Retrofitting
Using
RC Wing Walls



Thank you for your attention




