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Abstract: In developing countries like Bangladesh, several masonry-infilled RC buildings are under severe
threat because of inadequacies in seismic design. Damages of such buildings in recent earthquakes, e.g., the
Turkey-Syria Earthquake 2023, demonstrate the necessity of seismic evaluation and strengthening of existing
masonry-infilled RC buildings. To mitigate strength inadequacy, ferrocement (FC) strengthening can be utilized
to improve the lateral capacity of masonry-infiled RC buildings. The seismic assessment of such un-
strengthened and ferrocement strengthened masonry-infilled RC buildings can be conducted by non-linear
static analysis. Non-linear static analysis can predict the overall lateral behaviour of a building as well as the
damage extent of structural members under seismic events. Numerical modelling and non-linear analysis of
RC frame, masonry infilled RC frame, and ferrocement strengthened masonry infilled RC frame can be
conducted in SAP2000. The nonlinearity of structural elements can be considered using lumped plasticity
models in SAP2000. Therefore, it is necessary to verify the performance of the above-mentioned numerical
models to predict overall lateral behaviour against experimental lateral behaviour.

In this study, the lateral behaviour of one single-story single-bay bare RC frame, one masonry-infilled RC
frame, and one ferrocement strengthened masonry-infilled RC frame has been simulated by SAP2000
software using experimental data from the authors’ previous study. The RC frame has been modelled
considering lumped nonlinear hinges at the ends of the beam and column. The nonlinear hinge properties of
RC elements have been adopted from FEMA 356 guidelines. Meanwhile, both un-strengthened and
ferrocement strengthened masonry infills have been modelled as a single diagonal strut. The nonlinear
behaviour of the axial hinge on the strut has been suggested and utilized. The numerical analysis result shows
that the developed numerical models, i.e., bare RC frame, masonry infilled RC frame, and ferrocement
strengthened masonry infilled RC frame, can predict the lateral behaviour fairly when compared with
experimental lateral behaviour.
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1. Introduction

Seismic evaluation and strengthening are some of the most crucial concerns for structural engineers in
developing countries because there are so many seismically vulnerable buildings. Many of such vulnerable
buildings are masonry infilled RC frames where infill masonry is considered a non-structural element, although
it commonly affects the structural performance (Alwashali et al., 2020). In addition, damages of such masonry
infilled buildings in recent earthquakes, e.g., the Turkey-Syria Earthquake 2023, demonstrate the necessity of
strengthening existing vulnerable masonry-infilled RC buildings. To mitigate strength inadequacy, ferrocement
(FC) strengthening can be utilized to improve the lateral capacity of masonry infilled RC buildings. Several
researchers (Sen, 2020; Seki et al., 2018; Kaya et al., 2018; Demirel et al., 2015; Altin et al., 2010; Amanat et
al., 2007 and Zarnic et al.,1985) found ferrocement as an effective scheme to improve the lateral capacities of
masonry infilled RC frames. However, studies on numerical modelling of ferrocement strengthened masonry
infilled RC frames are limited. In this context, an attempt has been made to model and analyse ferrocement
strengthened masonry infilled RC frame, in addition to masonry infilled RC frame and bare RC frame, using
the macro-modelling technique. Non-linear static analysis can predict the overall lateral behaviour of a building
as well as the damage extent of structural members under seismic events. Numerical modelling and non-linear
analysis of RC frame, masonry infilled RC frame, and ferrocement strengthened masonry infilled RC frame
can be conducted in SAP2000 (CSI, 2014). The nonlinearity of structural elements can be considered using
lumped plasticity models in SAP2000. Therefore, it is necessary to verify the performance of the above-
mentioned numerical models to predict overall lateral behaviour against experimental lateral behaviour.

In this study, the lateral behaviour of one single-story single-bay bare RC frame, one masonry-infilled RC
frame, and one ferrocement (FC) strengthened masonry-infilled RC frame has been simulated by SAP2000
software using experimental data from the author’s previous study (Sen et al., 2020). The RC frame has been
modelled considering lumped nonlinear hinges at the ends of the beam and column. The nonlinear hinge
properties of RC elements have been adopted from FEMA 356 (2000). Meanwhile, both un-strengthened and
ferrocement strengthened infill masonries have been modelled as a single diagonal strut. The nonlinear
behaviour of the axial hinge on the strut has been suggested and utilized. The numerical analysis result shows
that the developed numerical models, i.e., bare RC frame, masonry infiled RC frame, and ferrocement
strengthened masonry infilled RC frame, can predict the lateral behaviour fairly when compared with
experimental lateral behaviour.

2. Reference test specimens

2.1 Specimen details

The reference specimens have been taken from the authors’ previous study. The experimental program
consisted of three half-scaled specimens including a bare RC frame (S1-F), a masonry infilled RC frame (S3-
FM), and a Ferro-cement strengthened masonry infilled RC frame (S5 FMFC). Details of all specimens are
presented in Table 1 and Fig. 1 (a)-(c). Material properties of concrete and reinforcing steels used in the
specimens are given in Table 2. The material properties of masonry and Ferro-cement coating are shown in
Table 3. The wire mesh was tested as per ACI 549 (1997); however, the yield strength of the wire could not
be identified by the material test. Therefore, the yield strength of wire mesh has been considered as fywm =
0.71fuwm as per AS/NZS (2001), where fywm, fuwm = yield, and ultimate strength of wire mesh, respectively. All
the specimens were subjected to cyclic lateral loading and a constant axial load of 350 kN on each column.
More details can be found in Sen et al. (2020).
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Figure 1. Dimension and reinforcement detailing of test specimens (dimensions are in cm) (Sen et

al., 2020)
Table: 1 Details of all specimens (Sen et al., 2020)
RC column Masonry Ferro-cement
Specimen . . Main Thickness Thickness ere W|re. Number
Dimension . diameter spacing of mesh
reinforcement tmas trc
Pwm S layers
mm (mm) (mm) (mm) (mm)
S1-F - - - - -
S3-FM 250 x250  4-912mm 115 - - - -
S5-FMFC 115 20 0.9 13 2

Table 2: Material Properties for concrete and steel (all values are in MPa) (Sen et al., 2020)

Concrete Reinforcement
Specimen ¢ 8 10 P12

¢ fy fuit fy fuit fy furt
S1-F, S3-FM, S5-FMFC 14 364 429 454 553 428 525

fo= concrete compressive strength, fy, fur=yield and ultimate strength of reinforcement

Table: 3 Material Properties for masonry and ferro-cement coating (all values are in MPa) (Sen et al., 2020)

Specimen Masonry Ferro-cement
Mortar Wire mesh
fmas fmor,j
fmor,FC fu,wm fy,wm
S1-F - - - - -
S3-FM 11.6 6.1 - - -
S5-FMFC 11.6 8.8 4.8 629 447

fm= masonry compressive strength; fmorj, fmor,Fc = mortar compressive strength of joint and Ferro-cement
mortar; fywm, fuwm = yield and ultimate strength of wire mesh.
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3. Modelling of specimens in SAP2000

The reference bare RC frame, masonry infilled RC frame and ferrocement strengthened masonry infilled RC
frame have been modelled in SAP2000 v14. Details are discussed in the following subsections:

3.1 Bare RC frame

An idealized RC frame modelled in SAP2000 is shown in Fig. 2. The beam and column of the RC frame have
been modelled as a line element. The concrete and reinforcing steel properties have been defined and
assigned in column and beam according to the reference test frame properties as mentioned in Table 2. The
cross-section of each element has been generated using the “Section Designer” feature of SAP2000. The
generated cross sections are shown in Fig. 3. The columns have been fixed at the bottom. An axial load of
350 kN has been assigned as a dead load on the top of each column. The increasing lateral load has been
applied using the displacement-controlled pushover feature of SAP2000. The nonlinearity of the beam and
column have been assigned by using flexural hinges at both ends of each line element as shown in Fig. 2. The
auto hinge properties of SAP2000 have been utilized for each beam and column. The auto hinge properties
for concrete members have been adopted from FEMA 356 (2000). The default hinge properties “Auto M3” and
“Auto P-M3” have been defined and assigned to the beam and column elements at a relative distance of 0.05
and 0.95 of the concerned members. The auto hinge assignment data of the beam and column are shown in

Fig. 4(a) (b).
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Figure 3. Cross section of (a) column and (b) beam generated using Section Designer of SAP2000
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Figure 4. Auto hinge assignment data of (a) beam and (b) column of the idealized model of bare RC frame

3.2 Masonry infilled RC frame

An idealized masonry infilled RC frame, modelled in SAP2000, is shown in Fig. 5(a). The idealized model
consists of RC frame and an equivalent single masonry strut. The surrounding RC frame has been modelled
in a similar way as discussed in the earlier sub-section. The equivalent strut has been modelled considering
the masonry properties presented in Table 3, and a strut width that has been computed using Eq. (1) - (2) as
per FEMA 273 (1997). The strut thickness has been considered as the thickness of the infill masonry.

W = 0.175(A1heo) "4 dm 1)

()

where, Ws = masonry strut width; hco = height of columns; dm = diagonal length of masonry strut;
Emas/Ec = elastic modulus of masonry and concrete, respectively; Ic = moment of inertia of column; hmas = height
of masonry infill; tmas = thickness of masonry, and 6 = angle of masonry strut with horizontal.

An axial hinge, as shown in Fig. 5(a), has been assigned at the diagonal strut’ mid-point to catch the nonlinear
behaviour of masonry. The nonlinearity of the masonry strut has been considered as per Islam and Sen (2023)
where the axial load-displacement behaviour of the equivalent strut has been suggested considering the sliding
failure of infill masonry, as shown in Fig. 5(b). This particular model has been utilized since the experimental
failure of the infill was a sliding failure.
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Figure 5. Idealized (a) model of masonry infilled RC frame and (b) behaviour of strut considering sliding
failure (Islam and Sen, 2023)
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The initial stiffness (Kstut), and ultimate axial capacity (Pstrut) of the masonry strut have been computed as per
Eqg. (3) - (5). The elastic and plastic axial deformation capacities of the strut have been computed as suggested
by Islam and Sen (2023), which is adopted from FEMA 273 (1997). The axial hinge assignment data of the
masonry strut is shown in Fig. 6(a).

A E
kstrut = Strl(;t e (3)
m
Qstia
Fotrue = ﬁ 4)
T ()
Qs/ide = (?Lm@) X Lmas X tias

where, Astut = area of masonry strut; Emas = elastic modulus of masonry; dm = diagonal length of masonry strut;
Qsiice = sliding capacity of infill masonry; 6 = angle of masonry strut with horizontal; w = sliding strength of
masonry infill (= 0.03fmas); fmas= masonry prism strength; u = friction coefficient at masonry joint, and
Lmas/tmas = length/thickness of masonry infill.
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Figure 6. Axial hinge assignment data of (a) masonry strut of masonry infilled RC frame and (b) equivalent
masonry strut of FC strengthened masonry infilled RC frame

3.3 FC strengthened masonry strut

An idealized ferrocement strengthened masonry-infilled RC frame, modelled in SAP2000, is shown in Fig. 7(a).
The idealized model consists of RC frame and an equivalent single masonry strut. The surrounding RC frame
has been modelled in a similar way as discussed in the earlier sub-section. The equivalent single masonry
strut represents the combined action of ferrocement and infill masonry; where masonry properties presented
in Table 3 have been utilized. The thickness of the equivalent strut has been computed using Eq. 6 as
suggested by Sen et al. (2019). The width of the strut has been computed using Eg. (6) where masonry
thickness (tmas) has been replaced by the term equivalent masonry thickness (teqmas).
Emor

teq,mas = tmas + nLnstmor E_ (6)
mas

where, tmas = thickness of masonry; ns = number of surfaces retrofitted with FC; n. =number of wire mesh layers
in each FC layer; tmor = thickness of FC mortar layer, and Emas/Emor = elastic modulus of masonry and FC mortar.
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Figure 7. Idealized (a) model of ferrocement strengthened masonry infilled RC frame and (b) behaviour of
equivalent masonry strut

An axial hinge, as shown in Fig. 7(a), has been assigned at the mid-point of the equivalent diagonal strut to
catch the nonlinear behaviour of the strut. The nonlinear behaviour suggested by Islam and Sen (2023) has
been extended to use herein. The initial stiffness (Kstut) of the equivalent masonry strut has been computed
as per Eq. (3); where the strut area has been computed considering the equivalent strut thickness and width
of ferrocement strengthened masonry infill. Meanwhile, the axial capacity of the strut has been computed using
Eq. (7) - (8) considering the diagonal cracking failure of FC strengthened masonry infill. The lateral capacity at
diagonal cracking (Qwan) of FC strengthened masonry infill has been adopted from Sen et al. (2020). The elastic
and plastic axial deformation capacities of the strut have been computed in a similar way as discussed in an
earlier subsection. The axial hinge assignment data of the masonry strut is shown in Fig. 6(b).

P _ Qwall (7)

egstrut — o0

. h
Qwall = fmas,crAmasSlnH + angny, (?) Asfy,wm (8)

where, fmascr = cracking strength of infill masonry (= 0.05fmas, fmas = masonry prism strength); Amas = diagonal
area of infill masonry (diagonal length x masonry thickness); 8 = angle of diagonal with horizontal; ns = number
of surface retrofitted with FC; n. =number of wire mesh layer in each FC layer; hmas = height of masonry infill;
s = spacing of horizontal mesh reinforcements; As = area of horizontal wire; fywnm = yield tensile strength of wire
mesh, and a = empirical reduction factor (= 0.7).

4. Results and discussion

4.1 Verification of SAP2000 models

The experimental and numerical lateral load vs. story drift relationships of the reference specimens are
compared as shown in Fig. 8. In the case of the bare RC frame, initial stiffness, lateral strength and drift
capacities of the numerical model by SAP2000 resembled experimental observation. For the masonry-infilled
RC frame model, initial stiffness and lateral strength are similar to the experimental result, however, the drift
capacity ceased due to the assumed maximum displacement limit in the strut model. Meanwhile, the FC
strengthened masonry infilled RC frame model in SAP2000 underestimated the initial stiffness when compared
to experimental observation. This underestimation can be attributed to the fact that the surrounding RC frame
was wrapped with ferrocement in experimental test which has not been considered in numerical model.
Similarly, the lateral strength and drift capacities varied to a small extent. From the comparison, it is evident
that the overall lateral behaviour of the reference specimens can be predicted using SAP2000 pushover
analysis. The experimental and numerical lateral strength of the reference specimens are presented in Table 4.



WCEE2024 Sen et al.

The ratio of experimental to numerical capacities are 0.98, 1.00, and 1.07 for the bare RC frame (S1-F),
masonry infilled RC frame (S3-FM), and FC laminated masonry infilled RC frame (S5-FMFC), respectively,
which indicates a fair agreement with experimental results.

The hinge states at the peak resistance of the numerical models are shown in Fig. 9(a)-(c). It is evident that
the plastic hinges formed at the ends of the top beam and bottom of columns in the case of all the specimens.
However, in the experiment, the damage occurred initially on the beam and then concentrated on the column
through load redistribution. From the hinge states at peak resistance, it is evident that the lateral capacity of
the bare RC frame (S1-F) started to degrade by the collapse (© in Fig. 9(a)) of the compressed column. On
the other hand, the lateral capacity of the masonry infilled RC frame (S3-FM), and FC laminated masonry
infilled RC frame (S5-FMFC) started to degrade by the collapse (© in Fig. 9(b)-(c)) of the diagonal masonry
strut.
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Figure 8. Comparison of lateral behaviour in the experiment and numerical model

Table 4: Comparison of experimental and numerical lateral strength
Lateral strength (kN)
Reference specimen Qexp/Qsapr
Experimental, Qexp SAP2000, Qsapr

Bare RC frame (S1-F) 79 81 0.98
Masonry infilled frame (S3-FM) 191 190 1.00
FC strengthened masonry infilled frame (S5-FMFC) 330 307 1.07
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Figure 9. Hinge formation at peak resistance of (a) S1-F, (b) S3-FM and (c) S5-FMFC

4.2 Variation of axial load on columns

In general, when lateral load is applied on a portal frame, the axial load of compression and tension side
column, as shown in Fig. 10(a), increases and decreases, respectively. To investigate the performance of the
adopted methodology to reflect the aforementioned phenomenon, the variation of the column axial loads, on
both columns of the specimens, with the increasing story drift are shown in Fig. 10 (a)-(c). In this case, the left
and right columns have been considered as tension and compression side columns, respectively since lateral
load has been applied from left to right. Initially, both columns of the specimens carried the axial load of 350 kN
which has been assigned as a dead load on them. After that, the axial load on the compression column and
tension column gradually increased and decreased, respectively up to a certain drift level where the first hinge
formed. This is followed by a sustained axial load demand until the end of the analysis.
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Figure 10. Variation of axial load on columns of (a) S1-F, (b) S3-FM and (c) S5-FMFC

5. Conclusion

This study focused on the simulation of lateral behaviour of bare RC frame, masonry infilled RC frame and
ferrocement strengthened masonry infilled RC frame using auto lumped plastic hinges in SAP2000. Reference
specimens from the authors’ previous study were utilized and modelled in SAP2000 to predict the lateral

behaviour of the specimens under non-linear static load. Based on the analysis result following conclusions
can be drawn:

¢ Numerical model of bare RC frame, masonry infilled RC frame, and ferrocement strengthened masonry
infilled RC frame developed using SAP2000, exhibited a fair agreement with the experimental results in
terms of lateral initial stiffness, strength, and hinge formation at peak resistance with some exceptions.

e The ratio of experimental to numerical lateral capacities are 0.98, 1.00, and 1.07 for bare frame (S1-F),
masonry infilled RC frame (S3-FM), and FC laminated masonry infiled RC frame (S5-FMFC),
respectively.

e The developed numerical model can simulate the increase and decrease of axial load on the
compression and tension side column of the RC frame, respectively; which is a general tendency of the
portal frame under lateral load.

e These conclusions are based on very few specimen models; further investigation is required to apply
them in the real field.
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