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Failure modes     

1. Introduction  

Part 2 intends to evaluate the failure modes identified in Part 1. This 

is followed by verification of predicted capacities for FC laminated 

masonry infilled RC frame based on experimental results discussed 

in Part 1. 

2. Lateral strength evaluation 

In a particular structural system, the applied load can transfer in 

different ways, however the structural system fails in a manner that 

associated with weakest load transfer mechanism. Therefore, the 

lateral strength of FC strengthened masonry infilled RC frame can be 

taken as the minimum of calculated lateral capacity of four distinct 

failure mechanisms (identified in Part-1 of this article) as per Eq. 1.  

Predicted lateral strength, Qcalc. = min (Q1, Q2, Q3 and Q4)     (1) 

where, Q1, Q2, Q3, Q4 = calculated lateral capacities at overall flexural 

failure; column punching and top joint sliding failure; diagonal 

compression failure, and diagonal cracking failure, respectively. 

2.1 Failure I: Overall flexural  

The lateral capacity at overall flexural failure (Q1), as shown in 

Figure 1(a), of the FC laminated masonry infilled RC frame has been 

computed considering the frame as a cantilever, using Eq. 2 and Eq. 3.  

𝑄1 =
𝑀𝑢

ℎ𝑜
⁄              (2) 

𝑀𝑢 = 𝑎𝑡𝑓𝑦𝑙𝑐 + 0.5𝑁𝑙𝑐            (3) 

where, Mu = moment capacity, at = steel area of column main 

reinforcements, fy = yield strength of column main reinforcement, lc 

= c/c distance of boundary columns, N = axial load on RC columns = 

2N’. 

2.2 Failure II: Column punching and top joint sliding 

The total shear capacity (Q2) can be evaluated by Eq. 4 in reference 

to Figure 1(b). 

𝑄2 = 𝑄𝑐 + 𝑄𝑤𝑗𝑠 + 𝑄𝑐𝑓𝑝𝑠                               (4) 

where, psQc, fQc = punching shear and flexural shear capacity column, 

respectively, which is computed as per JBDPA 2001[9]. On the other 

hand, joint shear capacity (jsQw) depends on bond between interfaces 

and is evaluated from Eq. 5. 

𝑄𝑤 = 𝜏𝑚𝑎𝑠𝑙𝑤𝑡𝑚𝑎𝑠 + 𝜏𝑚𝑜𝑟,𝐹𝐶𝑙𝑤𝑛𝑠𝑡𝐹𝐶𝑗𝑠                     (5) 

τmas, τmor,FC = bond strength (cohesion) of mortar in masonry joint and  

 

  

Figure1: Schematic diagram of (a) Failure I, (b) Failure II,      

(c) Failure III, and (d) Failure IV  

ferro-cement; tmas, tFC= thickness of masonry and FC coating; and 

ns= number of FC surface. The bond capacity of mortar, for both 

masonry joint and FC layer, is considered as 0.17√fmor, 

(fmor = compressive strength of mortar). 

2.3 Failure III: Diagonal compression 

In this failure, infilled panel (masonry and FC layer) is considered 

to behave similar to a diagonal strut, as shown in Figure 1(c), that 

would fail in compression. In addition, flexural hinges would form at 

the top and bottom of surrounding RC columns. The lateral strength 

(Q3) can be evaluated by using Eq. 6.    

𝑄3 = 2 𝑄𝑐𝑓 + (0.5𝑓𝑚,90𝑊𝑠𝑡𝑚𝑎𝑠 + 0.5𝑓𝑚𝑜𝑟,𝐹𝐶𝑊𝑠𝑛𝑠𝑡𝐹𝐶)𝑐𝑜𝑠𝜃  (6) 

where, fm,90 = expected prism compressive strength of masonry in 

diagonal direction (= 0.5 × masonry prism compressive strength, fm); 

fmor,FC = FC mortar compressive strength; and θ = inclination of 

compression diagonal with horizontal. The width of the FC laminated 

masonry (Ws) is considered as Eq. 7, where ac = contact length. The 

contact length (ac) of diagonal strut is calculated by Eq. 8 considering 

relative stiffness (λmas-FC) of the RC frame and infill panel (masonry 

and FC coating) that has been proposed by author elsewhere [10]. 

𝑊𝑠 = 2𝑎𝑐𝑐𝑜𝑠𝜃                                       (7) 

𝑎𝑐 =
𝜋

4𝜆𝑚𝑎𝑠−𝐹𝐶
                                        (8) 

λ𝑚𝑎𝑠−𝐹𝐶 = √
(𝐸𝑚𝑎𝑠𝑡𝑚𝑎𝑠+𝐸𝐹𝐶𝑛𝑠𝑡𝐹𝐶) 𝑐𝑜𝑠2𝜃

4𝐸𝐶𝐼𝑐𝑑𝑚

4
                     (9) 

where, Ec, Emas, EFC = Young’s modulus of concrete, masonry, and 

FC mortar, respectively; and Ic = moment of inertia of RC column. 

Tensile yield 

Q
1
 

~ 
~ 

M
u
 

h
o
 

N’ N’ 

~ 
~ 

f
Q

c
 

~ 

Punching Sliding 
Q

2
 

~~~~~~~~~~~~~~~~~~ ~ 

js
Q

w
 ps

Q
c
 

(a) Overall flexural (b) Column punching and sliding 
Lw 

N’ N’ 

Q
3
 

f
Q

c
 

f
Q

c
 

Q
strut

cosθ 

N’ 
N’ 

diagonal crack 

Q
4
 

f
Q

c
 

f
Q

c
 

N’ N’ 

(c) Diagonal compression (d) Diagonal cracking 

ac 
dm 

日本建築学会大会学術講演梗概集 

（関東） 2020 年 9 月 

 

―833―

23417



1*東北大学大学院 大学院生 

2*東北大学大学院 学術研究員・博士 （工学） 

3*東北大学大学院 助教・博士（工学） 

4*建築研究所 特別客員研究員・工学博士 

5*東北大学大学院研究科 教授 ・博士（工学） 

1* Graduate student, Graduate School of Engineering，Tohoku University 

2* Research Fellow, Graduate School. of Engg. Tohoku University，Ph.D. 

3* Asst. Prof, Graduate School of Engineering, Tohoku University，Ph.D. 

4* Visiting Research Fellow, Building Research Institute, Dr.Eng 

5* Professor, Graduate School of Engineering, Tohoku University，Ph.D. 

2.4 Failure IV: Diagonal cracking  

In this case, a major diagonal crack might appear on the compression 

diagonal of FC laminated masonry, whereas flexural hinges might 

form at the ends of columns as shown in Figure 1(d). The lateral 

capacity is evaluated by Eq. 10.  

𝑄4 = 2 𝑄𝑐𝑓 + 𝑄𝑚𝑎𝑠,𝑐𝑟 + 𝑄𝐹𝐶,𝑤𝑚                       (10) 

In this case, contribution of infill masonry (Qmas,cr) is considered as 

the horizontal component of masonry diagonal cracking capacity, in 

reference to Figure 2 (a), using Eq. 11. The cracking strength of 

masonry (fmas,cr) is considered as 0.05fm as proposed by author 

elsewhere [11]. The contribution of ferro-cement has been considered 

to be equal to shear capacity provided by the horizontal mesh 

reinforcements using Eq. 12 in reference to Figure 2(b). However, an 

empirical reduction factor (α) has been imposed in the contribution 

of wire mesh, in Eq. 12, to accommodate less effectiveness of mesh 

reinforcement compared to contribution in RC shear wall. The less 

effectiveness might happen because wires are not embedded in RC 

frame as in shear wall. In this study, the empirical reduction factor 

(α) has been considered as 0.7 for ferro-cement lamination as 

proposed by Sen et al. [12]. 

𝑄𝑚𝑎𝑠,𝑐𝑟 = 𝑓𝑚𝑎𝑠,𝑐𝑟𝑑𝑚𝑡𝑚𝑎𝑠𝑠𝑖𝑛𝜃                          (11)

𝑄𝐹𝐶,𝑤𝑚 =  𝛼𝑛𝑠𝑛𝐿 (
ℎ0

𝑠
) 𝐴𝑠𝑓𝑦,𝑤𝑚 (12) 

where, nL = number of wire mesh layer; s = spacing of wire mesh; 

As = area of horizontal wire; and fy,wm = yield strength of wire mesh.  

3. Validation of lateral strength evaluation

3.1 Confirmation of capacity model for each failure mechanism  

In Figure 3(a)-(d), calculated capacities of possible failure 

mechanisms are shown for particular four specimens (IM-FC-2, IM-

FC-3, Sp-5 [1], and S5-FM-FC [2]) which have four distinct failure 

mechanisms I, II, III and IV, respectively. The calculated capacities 

of the observed failure mechanism are marked with asterisk (*) sign 

in Figure 3(a)-(d). The ratio of calculated to experimental capacities 

are 0.83, 0.88, 0.71 and 0.91 for failure I (flexural), II (Punching), 

III (diagonal compression) and IV (diagonal cracking), respectively. 

Therefore, it can be concluded that the proposed lateral capacity 

model for each failure mechanism works well to compute 

corresponding lateral capacity.   

3.2 Confirmation of lateral capacity evaluation process  

In general, the failure mechanism should be governed by minimum 

calculated lateral capacity of possible failure mechanisms. However, 

in some particular cases (i.e. specimen IM-FC-2 and IM-FC-3) the 

minimum lateral capacity is not the governing one. For specimen IM-

FC-2, the lateral capacities for flexural, punching and diagonal 

cracking failure are very close to each other. On the other hand, in 

specimen IM-FC-3, initially a minor diagonal crack formed at small 

lateral story drift as discussed in Part-1, however, at higher drift 

punching failure occurred.  

To check accuracy of the evaluation method, calculated flexural 

capacity (Qmu = capacity of failure I) and shear capacity (Qsu = min.  

Figure 2: Schematic diagram of FC laminated masonry at cracking 

Figure 3: Calculated and experimental capacities (in kN) of (a) IM-FC-2 (b) 

IM-FC-4, (c) Sp-5 [1] and (d) S5-FM-FC [2] ( * observed failure mode) 

Figure 4: Comparison of calculated and experimental strengths 

of shear type failure capacities i.e. II, III and IV) of all available 

specimens, in the current study and past literature, are compared with 

experimental capacities in Figure 4(a) which indicates that the 

prediction method can identify shear and flexural failure properly. In 

addition, the calculated capacity (minimum of Q1, Q2, Q3 and Q4) is 

plotted in Figure 4(b) which indicates a safe prediction, having 

average experimental to calculated capacity ratio of 1.35. 

4. Conclusions

Lateral capacity evaluation method of ferro-cement laminated 

masonry infilled RC frame is proposed and validated with current and 

past experimental results. 
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