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Abstract. Formulas used to predict shear strength of reinforced concrete in different standards do 
not always correspond to each other due to the complexity of the shear transfer mechanism. 
Currently there is no generally accepted method of shear strength pridiction, however, traditionally, 
shear strength anticipation of a structural concrete elements is performed differently on members 
with or without shear reinforcement.  These empirical approches tend to predict the shear strength 
too conservatively; alternatively, shear strength of concrete can be easily predicted by Mohr-
Coulomb theory. In case of high-axial load and low shear reinforcement, the strength is likely to 
be determined by the concrete's shear crack. Therefore, a method to predict the strength of 
concrete with Mohr-circle has been proposed but the circles crossed the boundary and could not 
evaluate the strength correctly. Mohr circle can be used for prediction of diagonal tension failure 
strength but the circle cannot be evaluated. In this paper, Mohr circles were investigated 
considering all steps of cyclic loading until shear crack occurred. It also investigates a correlation 
between shear strength and normal strength through recognition of the Mohr-Coulomb failure 
criteria for each specimen.  

1 Introduction 

Formulas used to predict shear strength of reinforced 
concrete in different standards do not always correspond 
to each other’s prediction due to the complexity of the 
shear transfer mechanism. The shear strength anticipation 
of reinforced concrete members has been one of the fact-
finding topic and therefore numerous researches have 
been launched (Nielsen et al. [1]; Vecchio and Collins [2, 
3]; Bentz, Vecchio and Collins [4]). Currently there is no 
generally accepted method of shear strength prediction; 
however, traditionally, shear strength anticipation and 
checking of structural concrete elements is performed 
differently on members according to the shear 
reinforcement. Several well-established theories based on 
equilibrium considerations can be applied when shear 
reinforcement is provided, leading to safe design 
solutions. On the other hand, the actual shear failure 
mechanism cannot be demonstrated by these approaches 
and the shear strength is often estimated too 
conservatively. 

As a solution for that issue, Muttoni [5] and Zhang [6] 
have investigated the shear strength of reinforced concrete 
members without stirrups based on a critical shear crack. 
It is realized that recently developed methods are 
restricted to the certain condition and property of material 
and cannot be directly applied to new technology. 

Therefore, a method is desired for the prediction of shear 
strength to have applicability over all conditions based on 
rational shear failure mechanism. 

In this paper it is attempted to address correlation 
between shear and normal strength based on recent 
improvements of shear strength prediction by Mohr-
Coulomb theory to investigate the shear failure 
mechanism of reinforced concrete members. 

2 Shear strength prediction with mohr-
coulomb criterion 

A shear strength prediction of reinforced concrete 
members with Mohr-Coulomb criterion has been 
proposed by Pujol [7]. When the Mohr circle’s stress 
reaches the criterion internally, shear stress is given (See 
Fig. 1). The Mohr-Coulomb theory is a mathematical 
model (Fig. 1) describing the response of brittle materials 
such as concrete, or rubble piles, to shear stress as well as 
normal stress. The Mohr-Coulomb theory suggests a 
correlation between normal and shear stress as well as 
failure load and angle of friction. Coulomb’s friction 
hypothesis is utilized to determine the combination of 
shear and normal stress that will cause a fracture of 
concrete. Mohr’s circle is used to clarify which principal 
stresses will produce this combination of shear and 
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normal stress, and the angle of the plane in which this will 
occur. The Mohr-Coulomb failure criterion represents the 
linear envelope that is obtained from a plot of the shear 
strength of concrete τ versus the applied normal stress σ. 
This relation is expressed as: 

𝜏𝜏 = 𝑘𝑘1𝑓𝑓𝑐𝑐′ + 𝑘𝑘2𝜎𝜎 (1) 

where k1 and k2 are the coefficient pertaining to cohesion 
and internal friction angle of concrete.  

Pujol [7] has suggested the following Mohr-Coulomb 
criteria as the failure envelope; 

𝜏𝜏 = 0.17𝑓𝑓𝑐𝑐′ + 0.75𝜎𝜎 (2) 

𝜎𝜎 ≤ 𝑓𝑓𝑡𝑡 (3) 

where ft is the tensile stress of concrete. 
The ultimate shear strength given by Mohr-Coulomb 

criterion has a valid theoretical bases, but the proposed 
theory is not proven with actual concrete stress and the 
stress condition inside of a member subjected to axial and 
horizontal loads. Furthermore, Pujol [7] suggests that the 
proposed procedure may be too conservative for a column 
with axial load ratios which are larger than 0.4 and with 
small amounts of transverse reinforcements. Those 
conditions are not considered generally for ductile 
members; however, when it happens the members may 
show unexpected failure. Therefore, it is important to 
consider the mechanism of the failure of the members. 

 

Fig. 1. Mohr-Coulomb criterion 

Hibino [8] has tried to propose a method to predict the 
strength with Mohr-circle of concrete but the circles 

exceed tensile limit before reaching to maximum stress 
and therefore the strength could not  be evaluated 
correctly. He also declared that Mohr circle can be used 
for prediction of diagonal tension failure strength but the 
circle cannot be evaluated. 

In this paper, it is attempted to investigate those Mohr-
circles, restricted in the specified boundary of tensile 
stress and forming failure criteria which based on that 
correlation between shear and normal strength of the 
element is modified. To this end, Mohr circles were 
investigated considering all steps of cyclic loading until 
fracture, particularly on the step shear crack occurred.  
Mohr circles which based on that Mohr-coulomb failure 
criteria for each series of specimen is modified, are 
investigated for different strain gages, installed inside 
series of specimen. 

Concrete strength in the concrete core section at 
ultimate state was evaluated. Predicted Mohr stress circles 
drawn by measured strain depends on the axial load ratio 
and concrete strength. The combination of large number 
of circles, evolved from corresponding steps pertaining to 
the modified strain gage of each specimen, could lead us 
to find out circles which could reveal the real status inside 
the concrete as well as fracture limit. Furthermore, the 
combination of the circles simulates graphical correlation 
between shear and normal strength and Mohr-Coulomb 
failure criteria which relatively restate coefficients for Eq. 
2 according to experimental records. 

3 Specimen test  

Nine series of specimens, R1; R2 and R3, were designed 
to investigate internal strength status and failure criteria 
of brittle reinforced concrete column that has small 
amounts of transverse reinforcements. Geometric 
properties were the same in all specimens: the cross 
section is 120mm×200mm; shear span length is 600mm; 
and shear span-to-depth ratio is 1.5. Concrete strength and 
magnitude of axial load were selected as the parameters, 
which are shown in Table 1. The configuration of the 
specimen is shown in Fig. 2. The high strength steel bars, 
K13 were used as longitudinal reinforcement and concrete 
strength f’c, 60MPa and 80MPa were used (properties are 
shown in Table 2 and 3). The transverse reinforcement 
ratio was arranged so that the column demonstrates brittle 
shear failure. Bi-directional double-curvature cyclic 

2θ
2θ

σ (N/mm2)

τ =k 1
f’ c

+k 2
στ (N/mm2)

Mohr-Circle

ft

Cφ

Table 1. Specimen properties 
Series Specimen 

b 
(mm) 

d 
(mm) 

L 
(mm) 

M/Vd 
f’c 

(MPa) 
Longitudinal 
reinforcement 

Shear 
reinforcement 

Nu/bdf´c 

R1 
R1-0 

120 200 600 1.5 

80 
4-K13 

(ρt=1.17%) 

D6@260(SD295A) 
0 

R1-2 0.2 
R1-3 0.3 

R2 
R2-0 

D4@100 
(SD295A) 

0 
R2-2 0.2 
R2-3 0.3 

R3 
R3-0 

60 
0 

R3-2 D6. D4@50 
(SD295A) 

0.2 
R3-3 0.3 

where b, d, L are width, depth and length of the column respectively. 
M/Vd  shows shear span to depth ratio.  
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loadings were applied to the specimen under constant 
axial load Nu that simulates gravity load with specified 
magnitude: Nu/bhf’c=0; 0.2; and 0.3. The loading program 
was controlled by drift angle R, which is given by the 
relative lateral displacement of column divided by its 
height L. The target drift ratio was ±0.125%×2, 
±0.25%×2, ±0.5%×2, ±1%×2, ±1.5%×2, and ±2%×2.  

To measure the strain and relative strength condition 
of concrete, acrylic bars furnished with triaxial strain 
gages were placed in the core section of columns, as 
shown in Fig. 3. The acrylic bars have serrated 
configuration to improve bonding performance with 
concrete. The positon of the triaxial strain gages (SG-1 to 
SG-6) are shown in Fig. 2. 

4 Experimental Results 

4.1 Load-deflection response 

The load deflection response of the specimens is shown in 
Fig. 4. The maximum lateral load increases with the 
increase of axial load ratio and concrete strength. The 
lateral load after the maximum point drastically decreased 
due to the shear failure for all the specimens and all the 
specimens demonstrated brittle failure. The maximum 
lateral load Vmax and drift angle at the failure, Rmax are 
shown in Table 4 with computed strength given by 
followings [9]. 

𝑉𝑉𝑛𝑛 = 𝑉𝑉𝑠𝑠𝑠𝑠 + 𝑉𝑉𝑐𝑐 (4) 

𝑉𝑉𝑠𝑠𝑠𝑠 =
𝐴𝐴𝑣𝑣𝑓𝑓𝑦𝑦𝑠𝑠

𝑑𝑑  (5) 

𝑉𝑉𝑐𝑐 = 1
6 (1 + 0.07 𝑁𝑁𝑢𝑢

𝐴𝐴𝑔𝑔
) √𝑓𝑓𝑐𝑐′ 𝑏𝑏 𝑑𝑑 (6) 

where, Vn is the nominal shear strength, Vst is the shear 
strength of transverse reinforcement, Vc is the shear 
strength of concrete which can be determined by different 
formula, generally in case of non-prestressed concrete 
with axial compression Eq. 6 is used. However, where 
shear is a substantial governing concern in well-
reinforced short, stubby member or well-reinforced 
members with heavy concentrated loads are exceptional. 
Av is the shear reinforcement (two bar areas for U-stirrup); 
s is the spacing between stirrups in a direction parallel to 
the axis of the member; Nu is a compressive axial load in 
MPa; fy and f’c are tensile and compressive strength of 
steel and concrete respectively. 

The observed crack patterns are shown in Fig. 5. 
Diagonal wide cracks were observed and similar cracks 

Table 2. Steel properties 

 Strength 
Yield 

strength 
(MPa) 

Yield 
strain (μ) 

Tensile 
strength ft 

(MPa) 
K13 KW785 859 6339 1042 
D6 SD295A 370 3370 549 
D4 SD295A 376 3389 529 

Table 3. Concrete properties 

Series 
Compressive 
strength, f´c 

(MPa) 

Tensile 
strength, ft 

(MPa) 

Modulus of 
elasticity 

(GPa) 
R1 82.7 5.47 44.9 
R2 76.03 5.33 43.6 
R3 72.71 5.49 45 

 

 

Fig 3. Shape of Triaxle Strain Gage 
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Fig 2. Configuration of specimens 
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Fig. 4. Lateral load-drift relationship 
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occurred in all the specimens. This procedure is based on 
the assumption that if shear crack strength Vcr is larger 
than ultimate shear strength Vu, the shear crack strength 
governs the maximum strength. The shear crack strength 
Vcr derived from the theoretical model are given by Eq. 7, 
as shown in Table 4. 

𝑉𝑉𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑏𝑏
1.5

√𝑓𝑓𝑡𝑡2 +
𝑓𝑓𝑡𝑡𝑁𝑁𝑢𝑢
𝑏𝑏𝑏𝑏  (7) 

For all specimens, diagonal shear crack appeared with 
drastic shear deterioration, the observed failure type was 
therefore diagonal tension (DT) failure. DT failure is 
evaluated because shear crack strength Vcr shown in Table 
4 are larger than computed shear strength Vn shown in 
Table 4. Fig. 6 shows the comparison of experimental 
results Vmax, Vcr and Vn. The shear crack strength Vcr 
overestimates measured shear strength for all the 
specimens and the shear strength Vu underestimates the 
shear strength. This disagreement between computed and 
measured shear strength suggests that DT failure can be 
determined by neither tension failure of concrete assumed 
in the shear crack strength Vcr nor compression failure of 
concrete assumed in the nominal shear strength Vn.  

4.2 Mohr-Coulomb Failure Envelope 

The Mohr-Coulomb criteria is defined as the tangential 
line to those Mohr circles which have maximum diameter 
corresponding modified limit. Mohr circles are plotted for 
each step of cyclic loading corresponding to σmax and σmin, 
created inside the specimen. Based on experimental 
records for each specimen, step corresponding failure of 
specimen are considered as a margin of strains and 
proportional strengths. 

 

In order to recognize any ambiguous step which may 
have been recorded by slipped strain gages prior to 
reaching the cracking boundary, all data taken from strain 
gages are checked. Mohr circles are plotted based on 
concrete strain, resulted inside the specimen from every 
step of cyclic loading until the shear crack is revealed. 
Among these circles if there were any circle crossing 
tension strength of the concrete (Eq. 8) in tensile zone, the 
step is neglected and considered as a boundary for 
remaining data. 

𝑓𝑓𝑡𝑡 =
1
12√𝑓𝑓𝑐𝑐

′ (8) 

Mohr circles are investigated by using Rosette analysies 
for each step of cyclic loading until cracking. 

According to Rosette analysies, the maximum 
principal stress σmax and minimum stress σmin of core 
concrete measured by triaxial strain gages are derived by 
the following equations. 

𝜎𝜎max =
𝐸𝐸𝑐𝑐

1 − 𝜈𝜈2 (𝜖𝜖max + 𝜈𝜈𝜖𝜖min) (9) 

𝜎𝜎min =
𝐸𝐸𝑐𝑐

1 − 𝜈𝜈2 (𝜖𝜖min + 𝜈𝜈𝜖𝜖max) (10) 

where εmax is maximum principal strain; εmin is minimum 
principal strain; ν is Poisson’s ratio (=0.2).  

The principal strains were calculated by measured 
strains using Rosette analysis. Note that stress-strain 
characteristic of concrete was idealized by elastic 
perfectly plastic approximation. Mohr circles are plotted 
for each steps of cyclic loading of each strain gage 
separately as shown in Fig. 7; this is to differentiate 
concrete recorded strain and combined recorded strain 
which comprised from acrylic bars strain as well as strain 
gage sliding. Mohr circles derived through this process 
are combined together to simulate a Mohr-Coulombs 
failure envelope as shown in Fig. 8. Those series which 
have experienced short drift until peak loading manifest 
the critical status of concrete strength.  

A series of experiments shown in Fig. 8 was realized to 
test relatively lower drift until maximum cyclic loading in 
order to verify the status. Blue dashed circles in Fig. 8 
illustrate the strength condition of concrete which is 

Table 4. Strength and failure type of specimen 

Specimen Vmax (kN) Vcr (kN) Vn (kN) 

R1 
R1-0 71 88 42 
R1-2 84 255 76 
R1-3 183 320 99 

R2 
R2-0 91 86 43 
R2-2 121 255 74 
R2-3 204 309 91 

R3 
R3-0 65 88 58 
R3-2 164 222 63 
R3-3 188 310 88 

 

 
(a) R1-2 

 
(b) R1-3 

 
(c) R2-3 

 
(d) R3-1 

Fig. 5. Crack drawings 

 

 

Fig. 6. Comparison Vmax, Vcr and Vu 
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computed based on the theoretical equation of shear τxy  
and normal stress σx of Eq. 11 and Eq. 12 for maximum 
cyclic loading. 

𝜎𝜎𝑥𝑥 =
𝑁𝑁𝑢𝑢
𝑏𝑏𝑏𝑏 (11) 

𝜏𝜏𝑥𝑥𝑥𝑥 =
𝑄𝑄
𝑏𝑏𝑏𝑏 (12) 

where Nu and Q are maximum applied axial and shear load 
corresponding failure of specimen.  

Mohr stress circles resulting from the theoretical 
analysis are smaller compared to the largest circle of 
concrete stress, resulting from experiment data. The 
largest stress circles (red circles in Fig. 8) show the 
cracking shear stress of concrete. 

The difference between theoretical and experimental 
based Mohr circles expresses variation of acting shear 
force through every concrete fiber. This shows that Eq. 11 
and Eq. 12 can be used to observe the concrete status in a 
complimentary status rather than critical condition. Mohr 
circles which predict largest strength capacity of each 
series (red circles) are selected for recognition of Mohr-
Coulomb failure envelope in Fig. 8. 

The Mohr-coulomb criterion illustrated in Fig. 8 
suggests that angle of fracture as well as correlation of 
shear and normal strength are not constant for all of the 
specimen but is a function of different parameters such as 
drift angle, concrete compressive strength, failure type, 
axial load and shear web reinforcement. Specimen series 
R1-3 addressed the above mentioned assumption. 

On the other hand, Mohr circles resulted from 
mentioned series either crossed from concrete tensile 
strength (Eq. 8) in the early steps or simulate retrogress 
failure envelope Fig. 9. Therefore shear and normal 
strength fracture criterion for experimental and Eq. 2 is 
compared, as shown in Fig. 10. Correlation between shear 
and normal strength is suggested for R1-3, R1-2, R2-3, 
R3-2 series as shown in Fig. 10 and compared with Eq. 2 
Some these of these series equation cross the Eq. 2 
criterion at high stress condition. Failure coordinate of 
each specimen shown in Fig. 10 as well as in Fig. 8. 

5 Conclusion 

1. Mohr stress circle drawn by concrete stress showed 
different diameter and shape according to the axial 

   
(a) R1-3 (b) R2-3 (c) R3-2 

Fig. 7. Set of Mohr circles combined from all strain gages of series 

 

     
(a) R1-3 (b) R2-3 (c) R3-2 

Fig. 8. Mohr-Coulomb failure criteria of series  
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Fig. 9.  Mohr-Coulomb failure envelope (R1-2) 
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load ratio and Diameter of Mohr stress circle of 
specimen with high axial load ratio became lager than 
that of the specimen with lower axial load ratio. 

2. The Mohr-Coulomb failure envelopes investigated 
showed that the angle of fracture of concrete as well 
as correlation of shear and normal strength are not 
constant for all of the specimens, but is a function of 
different parameters such as drift angle, concrete 
compressive strength, failure type, axial load and 
shear web reinforcement.  

3. It is realized that concrete Mohr stress circles 
resulting from the theoretical analysis can predict 
shear strength of a member in the complimentary 
status rather than critical condition inside the 
member. 

4. The series of specimen examined in this study 
realized that the shear strength prediction formula 
underestimate the shear strength and Mohr-Coulomb 
modified criteria overestimate the shear strength. 

5. Shear is initially resisted by three shear-carrying 
mechanisms: cantilever action, aggregate interlock, 
and dowel action. These mechanisms create a state of 
tensile stresses in the concrete that leads to the 
development of the critical shear crack.  
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Fig. 10. Comparison of experimental and theoretical equations 
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