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Background

• Earthquakes in worldwide caused damages on the RC structure. 

• RC walls can be failed by severe shear damages by earthquake loads. 

• The occurrence and magnitude of earthquakes have been gradually increased.

• The seismic design codes have been strengthened to address the increasing seismic hazard.  
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Performance based seismic design/evaluation (PBD)

• A performance based seismic design/evaluation method (PBD) is frequently used for

1) economic seismic design of new RC buildings

2) seismic performance evaluation and seismic retrofit of the existing RC buildings. 

• In PBD, the performance of structural members is evaluated by the nonlinear analysis.

• It is required to evaluate the strength-deformation capacity of RC members accurately. 

Residential 

building

Concept of performance based 

seismic design/evaluation 

Set of performance level

Elastic Design

1) Equivalent static analysis

2) Response spectrum analysis

3) Linear dynamic analysis

4) Member design 

Nonlinear Dynamic Analysis

1) Select ground motions and scaling

2) Nonlinear dynamic analysis

3) Performance level by story drift

4) Performance level of each member

Evaluate the performance level

No, Re-design

Yes

Completion of the design

IO , LS , CP

Yes
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Shear amplification effect in PBD

• In PBD of RC wall structures, shear force is significantly amplified during nonlinear analysis.

• Such shear amplification effect occurs by dynamic mode effects of slender shear walls. 

• Thus, large amount of shear reinforcement is needed. → Increase in cost 

• Shear strength of wall is needed to be estimated more accurately. 

Shear force amplification effect (ACI 318-19)
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Current shear strength model for RC walls

• In design codes, shear strength of walls is defined as Vn = Vc + Vs

• However, more design parameters should be addressed in strength model 

Design code Shear strength equations

ACI 318-19, Section 22.5 (one-way)

𝑉𝑐 = 0.17 𝑓𝑐
′ +

𝑁𝑢

6𝐴𝑔
𝑏𝑤𝑑 or 0.66𝜌 Τ1 3 𝑓𝑐

′ +
𝑁𝑢

6𝐴𝑔
𝑏𝑤𝑑

𝑉𝑐 = 0.66𝜌𝑤
Τ1 3𝜆𝑠 𝑓𝑐

′ +
𝑁𝑢

6𝐴𝑔
𝑏𝑤𝑑

ACI 318-19, Section 11.5.4.3 (wall) 𝑉𝑛 = 𝛼𝑐 𝑓𝑐
′ + 𝜌ℎ𝑓𝑦 𝐴𝑐𝑣 ≤ 𝑉𝑛𝑚𝑎𝑥 = 2/3 𝑓𝑐

′𝐴𝑐𝑣

KDS 14 20 22, Section 4.2 (one-way)

𝑉𝑐 =
1

6
𝑓𝑐

′𝑏𝑤𝑑, 𝑉𝑠 = 𝐴𝑣𝑓𝑦𝑑/𝑠

𝑉𝑐 =
1

6
1 +

𝑁𝑢

14𝐴𝑔
𝑓𝑐

′𝑏𝑤𝑑

KDS 14 20 22, Section 4.9.2 (wall)

𝑉𝑐1 = 0.28 𝑓𝑐
′𝑡𝑤𝑑 +

𝑁𝑢𝑑

4𝑙𝑤

𝑉𝑐2 = 0.05 𝑓𝑐
′ +

𝑙𝑤 0.1 𝑓𝑐
′ + 0.2

𝑁𝑢
4𝑙𝑤𝑡𝑤

𝑀𝑢
𝑉𝑢

−
𝑙𝑤
2

𝑡𝑤𝑑,  𝑉𝑐 = min(𝑉𝑐1, 𝑉𝑐2)

Eurocode 2 

𝑉𝑅𝑑,𝑐 = 𝐶𝑅𝑑,𝑐𝑘 100𝜌𝑙𝑓𝑐
′ Τ1 3 + 𝑘1𝜎𝑐𝑝 𝑡𝑤𝑑

𝑉𝑅𝑑,𝑠 =
𝐴𝑣ℎ

𝑠ℎ
𝑧𝑓𝑦𝑤𝑑 cot 𝜃

Shear strength model of current design codes
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Research purpose

• Shear strength model for RC walls is developed based on two shear mechanisms. 

1) Diagonal tension cracking: slender RC walls with light (or moderate) shear reinforcement 

2) Web crushing: slender RC walls with over shear reinforcement and high axial force 

• Various design parameters can be addressed, and simplified model is suggested.  

1) Uniformly distributed web reinforcement 

2) Axial compression force 

3) Shape of wall cross-section (rectangle, T-shape, H-shape)

DT

WC

Major shear failure mechanisms

Diagonal tension cracking Web crushing
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Strength degradation in RC walls

• The failure mode of a RC walls depends on the shear strength (Diagonal tension strength)

1) In case of Vf > Vn : brittle shear failure mode → present study

2) In case of Vf < Vn : flexural-shear failure mode

3) In case of Vf << Vn : flexural yielding mode 

• The shear strength is defined based on 

major shear failure mechanisms

• Diagonal tension cracking:

- lightly reinforced wall, slender wall 

• Web crushing 

- over-shear reinforced wall, heavy boundary element

𝑉𝑛

𝛿𝑦

Lateral drift ratio 𝛿

L
a
te
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l 
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a
d
 𝑉

Brittle shear failure 

before yielding

Flexural yielding 

Shear degradation  

after yielding

Load-displacement relationships of 

RC walls affected by shear 
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Diagonal tension cracking theory model (Compression zone failure mechanism, Choi, 2017)

• The shear resistance of a flexural member can be defined in the intact concrete.

• Shear stress capacity is defined based on Rankine’s failure criteria 

• The normal stress 𝜎 and the compression zone depth 𝑐 vary according to flexural deformation. 

• Thus, the shear capacity varies according to the flexural deformation. 

- Stage AB : uncracked section 

- Stage CD : flexural cracking 

- Stage DE : concrete crushing 

Shear demand curve

Shear capacity curve

A B 

C D

E

Shear capacity and demand curve
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𝑉

)

Curvature (𝜙)
𝑉𝑠

𝑉𝑐

𝑣

𝑣𝑐𝑐 𝑧 = 𝑓𝑐
′ 𝑓𝑐

′ − 𝜎 𝑧

𝑣𝑐𝑡 𝑧 = 𝑓𝑡
′ 𝑓𝑡

′ + 𝜎 𝑧

controlled by compression

controlled by tension

Mohr circle

Compressive

failure surface

Tensile

failure surface 𝜎2 𝜎1 

𝜎

𝑣

−𝑣

𝑣𝑐 𝑧 = min(𝑣𝑐𝑐 𝑧 , 𝑣𝑐𝑡 𝑧 ) 𝑉𝑐 = න
0

𝑐

𝑣𝑐 𝑧 𝑑𝑧

Rankine’s failure criteria and concrete shear capacity
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Shear capacity defined by diagonal tension cracking

• For shear failure before flexural yielding, following assumptions are made

i) Shear stress is governed by tension failure 

ii) Linear normal stress-strain distribution 

• Nonlinear distribution of shear stress in comp. zone

→ Use equivalent stress block for simplification 

→ 𝑣𝑐,𝑒𝑞 = 𝑓𝑡 𝑓𝑡 + 𝜎𝑚 = 𝑓𝑡 1 + 𝜎𝑐𝑚/𝑓𝑡

• Thus, concrete shear strength 

1) rectangle wall 

𝑉𝑐 = 𝑣𝑐,𝑒𝑞𝑐𝑏𝑤 = 𝑓𝑡 1 + 𝜎𝑐𝑚/𝑓𝑡 𝑐𝑏𝑤  

2) barbell shape or flanged wall 

𝑉𝑐 = 𝑣𝑐,𝑒𝑞 𝑐 − 𝑡𝑏𝑒 𝑏𝑤 + 𝑡𝑏𝑒𝑏𝑒𝑓𝑓  

= 𝑓𝑡 1 + 𝜎𝑐𝑚/𝑓𝑡 𝑐𝑏𝑤  

    +𝑓𝑡 1 + 𝜎𝑐𝑚/𝑓𝑡 𝑏𝑒𝑓𝑓 − 𝑏𝑤 𝑡𝑏𝑒

𝑏𝑤

𝑙𝑤

Rectangle Barbell Flange

𝑡𝑏𝑒

𝑏𝑏𝑒

1 ≤ 𝑏𝑏𝑒/𝑡𝑏𝑒 ≤ 2 2 < 𝑏𝑏𝑒/𝑡𝑏𝑒 ≤ 6

𝑏𝑏𝑒

𝑡𝑏𝑒

𝑏𝑒𝑓𝑓 = ℎ𝑤/2

Shape of wall cross-section

Shear stress in compression zone

𝑙𝑤

𝑏𝑤

𝑐

𝑐
𝑧

(b) Normal 

strain εc(z)
(c) Normal stress

in comp. zone σc(z)

(d) Shear stress

capacity vct

𝜀𝑐

𝑓𝑡

𝑓
𝑡

𝑓
𝑡

+
𝑓𝑐 (𝑧)

(a) Section model
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𝑓𝑐 = 𝜀𝑐𝐸𝑐

𝑐

𝑓𝑡 𝑓𝑡 + 𝑓𝑐

𝜎𝑚
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Shear capacity defined by diagonal tension cracking

• Using linear stress-strain relationship, previous Eqs. are simplified. 

• Parameter: 1) Comp. zone ratio 𝑐/𝑙𝑤 , 2) crack angle 𝑐𝑜𝑡 𝜙

• Case i) For rectangular shape wall: 𝑉𝑐 = 𝛼1 𝑓𝑐𝑙𝑤𝑏𝑤

• Case ii) For barbell shape or flanged wall: 𝑉𝑐 = 𝛼1 𝑓𝑐𝑙𝑤𝑏𝑤 + 𝛼2 𝑓𝑐 𝑏𝑏𝑒 − 𝑏𝑤 𝑡𝑏𝑒

• 𝑐/𝑙𝑤 : is suggested based on parametric analysis using simplified sectional analysis model

𝒄/𝒍𝒘 = 𝟎. 𝟖𝟗 𝝆𝒗
𝟏/𝟑 + 𝟎. 𝟏𝟔𝟓𝒑 𝒇𝒄

′ ≤ 𝟎. 𝟓

• cot 𝜙 : is suggested as 𝜙 = 15° based on parametric analysis results (𝜙 = 10 − 20°)

Simplified sectional analysis model

𝑐

𝐹𝑠3

Force

𝐹𝑠2

𝐹𝑠1
𝐹𝑐

𝑁𝑢

𝜌𝑏𝑒

𝜌𝑏𝑒

𝜌𝑤

𝑡𝑏𝑒

𝑡𝑏𝑒

𝑙𝑤𝑒𝑏𝑙𝑤

𝑐

𝜀𝑐

𝜀𝑦
Strain

𝜀3

𝜀2

𝜀1

𝑐

𝜎3

Stress
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𝑏𝑏𝑒
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𝑧
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𝜌𝑣 𝑝 𝑓𝑐

′ 

𝑐/
𝑙 𝑤

𝑐/
𝑙 𝑤 𝑐1 𝜌𝑣

𝑐2

𝑐3 𝑝 𝑓𝑐
′

(a) Effect of V-rebar ratio (b) Effect of axial load

𝑓𝑦 = 600 MPa

𝑓𝑐
′ = 40 MPa

𝑝 = 0

𝜌𝑣= 0.25 – 6 %

𝑓𝑦 = 600 MPa

𝑓𝑐
′ = 20 – 100 MPa

𝑝 = 0 – 0.3

𝜌𝑣= 0.25 %

Parametric analysis to determine parameters 

𝛼1 = 0.2 cot 𝜙 𝑐/𝑙𝑤

𝛼2 = 0.2 cot 𝜙

cot 𝜙 = 1 + 𝜎𝑐𝑚/𝑓𝑡

Where,
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• Thus, a simplified shear strength based on diagonal tension cracking is defined as follows:

• The characteristics of proposed model:

1) Effect of compression zone depth on shear strength 

is expressed by 𝜌𝑣, 𝑓𝑐
′, 𝑁𝑢

2) Effect of flange wall is addressed by increase of comp. zone area 

• The proposed model is similar to 

ACI 318-19 one-way shear model 

• Case i) For rectangular shape wall:

𝑉𝑐 = 0.2 cot 𝜙 𝑐/𝑙𝑤 𝑓𝑐
′𝑙𝑤𝑏𝑤 = 0.66𝜌𝑣

1/3 𝑓𝑐
′ +

𝑁𝑢

8𝐴𝑔
𝐴𝑐𝑣

• Case ii) For barbell shape or flanged wall:

𝑉𝑐 = 0.2 cot 𝜙 𝑐/𝑙𝑤 𝑓𝑐
′𝑙𝑤𝑏𝑤 + 0.2 cot 𝜙 𝑓𝑐

′ 𝑏𝑏𝑒 − 𝑏𝑤 𝑡𝑏𝑒  

     = (0.66𝜌𝑣
1/3 + 0.75𝑐𝑠) 𝑓𝑐

′ +
𝑁𝑢

8𝐴𝑔
𝐴𝑐𝑣

𝑏𝑏𝑒

𝑡𝑏𝑒

𝐴𝑤 = 𝑙𝑤𝑏𝑤

𝑏𝑤

𝑙𝑤

𝑐𝑠 = 𝐴𝑏𝑒/𝐴𝑤

𝐴𝑏𝑒 = 𝑏𝑏𝑒 − 𝑏𝑤 𝑡𝑏𝑒

0
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Definition of 𝑐𝑠

cf ) ACI 318-19 (one-way)

𝑉𝑐 = 0.66𝜌𝑤
Τ1 3 𝑓𝑐

′ +
𝑁𝑢

6𝐴𝑔
𝑏𝑤𝑑

Shear capacity defined by diagonal tension cracking
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Shear transfer of web concrete 

with inclined cracking: truss analogy

𝑙𝑝 ≈ 𝑑 = 0.8𝑙𝑤

𝑙𝑝

Plastic 

hinge 

region

Elastic

region

𝑙𝑤

𝑙𝑤𝑒𝑏 = 0.6𝑙𝑤

ℎ𝑤

𝑉𝑤𝑐

𝑓𝑐𝑒

𝜃

Shear strength model 

Web crushing theory model (Truss mechanism model, Eom, 2013)

• In the over-reinforced RC walls, shear capacity is governed by thin web concrete.

• Web crushing strength defined by diagonal concrete strut strength:

𝑉𝑤𝑐 = 𝑓𝑐𝑒𝑙𝑤𝑒𝑏𝑏𝑤 cos 𝜃 sin 𝜃 

• Effective concrete strut stress:

𝑓𝑐𝑒 =
𝑓𝑐

′

0.8+0.34 𝜀𝑡/𝜀𝑐𝑜
≤ 𝑓𝑐

′ (Vecchio and Collins 1986)

where, 𝜀𝑡 =principal tensile strain = 𝜀𝑐 + 𝜀𝑥 + 𝜀𝑦

Strain of truss elements

𝑙𝑝 ≈ 𝑑

𝑒𝑙

LT Lc

𝜀𝑙𝑐

𝜀𝑐

𝜀𝑡
DC

𝑥

𝑦

𝛥𝑝

Strain Mohr’s circle 

𝜃
𝑥

𝑦

𝜀𝑦

𝜀𝑥𝜀𝑐

𝜀𝑡

𝜀

𝛾

𝜀𝑦

𝜀𝑥

𝜀𝑡

𝜀𝑐

𝜃
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Shear capacity defined by web crushing

• In previous principal strain, each strain is defined as follows: 

1) Principal compressive strain 𝜀𝑐 = 𝜀𝑐𝑜 : concrete compressive strain at flexural yielding 

2) Horizontal strain 𝜀𝑥 ≈ 𝜀𝑦ℎ : average strain within diagonal cracking 

3) Vertical strain 𝜀𝑦 = 𝑒𝑙/𝑙𝑝 : average strain based on vertical elongation → but zero

• Effective compressive strength of diagonal strut

• Web crushing strength (Maximum shear strength) 

𝑉𝑤𝑐𝑚 = 𝛽𝑐𝑓𝑐
′𝑙𝑤𝑏𝑤

𝛽𝑐 =
1

3.8 + 1.13 𝑓𝑦ℎ/400
≈ ቊ

1/5
1/6 For 𝑓𝑦ℎ ≥ 800 MPa 

𝑓𝑐𝑒 =
𝑓𝑐

′

1.14 + 0.34 𝑓𝑦ℎ/400

For 𝑓𝑦ℎ ≤ 400 MPa 

cf ) Eurocode maximum shear strength :  

𝑉𝑅𝑑,𝑚𝑎𝑥 = 𝛼𝑐𝑤𝑣1𝑓𝑐
′ℎ𝑤𝑧 tan 𝜃 + cot 𝜃 = 0.19𝑓𝑐

′ℎ𝑤𝑙𝑤

when, fc' < 60 MPa, αcw = 1.0, v1 = 0.6, z = 0.8d, θ = 45°



Model verification
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Existing RC wall tests database

• Overall 249 wall test specimens

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 = (0.66𝜌𝑣
1/3 + 0.75𝑐𝑠) 𝑓𝑐 +

𝑁𝑢

8𝐴𝑔
+ 𝜌ℎ𝑓𝑦ℎ 𝑙𝑤𝑏𝑤 ≤ 𝑉𝑤𝑐𝑚 = 𝛽𝑐𝑓𝑐

′𝑙𝑤𝑏𝑤

Average vertical rebar ratio, 𝜌𝑣 [%] Effective yield strength, 𝜌ℎ𝑓𝑦ℎ  [MPa] Axial load ratio, 𝑝 = 𝑁𝑢/(𝐴𝑔𝑓𝑐
′)

Aspect ratio, 𝐻/𝑙𝑤 Concrete strength, 𝑓𝑐
′ [MPa] Rebar yield strength, 𝑓𝑦ℎ  [MPa]
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12 9 6 2

164

43

23

5 7
115

= 0.33

= 2.70

= 1.15
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Avg  

=   262

= 1079

=   486
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Avg  

=    5.2

=104.0

=  37.2
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Avg  

= 0.33
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2221
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4339
30

5 1 2
12

23

103

27

𝛽𝑐 = ቊ
1/5
1/6

For 𝑓𝑦ℎ ≤ 400 MPa 
For 𝑓𝑦ℎ ≥ 800 MPa 

𝑐𝑠 = 0 For rectangle wall

For barbell wall𝑐𝑠 = 0.12

𝑐𝑠 = 0.25 For flanged wall

𝜌𝑣 = Average reinf. ratio 

𝑁𝑢 = Axial load

𝐴𝑔 = Total area
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Shear strength predictions

•  The proposed model has better accuracy compared to other strength model 

(Mean : 1.14, CoV : 0.25, F.P : 3.21 %)
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Effect of design parameters on shear strength
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•  The proposed model address the effects of design parameters on shear strength reasonably.



Conclusions
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Summary

• The present study developed a simplified shear strength model of RC walls 

• Based on the failure mechanisms, the shear strength degradation was defined 

1) Diagonal tension cracking : effective shear resistance in uncracked compression zone 

2) Web crushing : effective strength of diagonal concrete strut in web

• Additionally, the design characteristics of walls are addressed: 

1) uniformly distributed vertical reinforcement 

2) axial compression force 

3) wall cross-sectional shape 

• For verification, the proposed models were applied to the existing test results.

• The proposed model agreed with test results, and captured the effect of parameters. 
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