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Abstract. Due to the architectural efficiency of masonry-infilled reinforced concrete frames,
the frames are highly common structural forms for buildings. Research on responses of fully
infilled RC frames under seismic effects has been active over the last few decades. Neverthe-
less, the effect of openings in the infills on the nonlinear dynamic responses has seldom been
studied. This paper presents a numerical study on the global nonlinear seismic responses of
RC frames containing infill walls with three types of openings, namely two-third storey height
infills, window-opening infills and door-opening infills. On the basis of the analysis results, it
is found that infilled frames with window or door openings exhibit ratchetting phenomena in
hysteretic behaviour leading to asymmetric damage and lateral force transfer mechanisms.
Furthermore, serious short column phenomenon occurs in the 2/3-storey-height infilled frame
structures, in where the central short columns experience serious localised damage resulting
significant pinching phenomenon in the hysteretic loops.
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1 INTRODUCTION

Masonry infills are widely applied in partition of reinforced concrete frames. Yet,
throughout many worldwide devastating earthquakes [1-4], grave damage and catastrophic
collapse of the infilled structures occurred time and again on account of altered structural re-
sponses of the RC frames containing infill walls. It is well recognized that he structural be-
haviour of infilled frames and bare frames may differ because the presence of infills,
particularly irregularly arranged infills, can significantly alter local stress distributions in the
frame members surrounding the infill walls and vary the overall structural dynamic behaviour.
Furthermore, the brittle nature of masonry infill materials often lead to severe degradation of
the structural hysteretic behaviour and causes localised damage in the adjacent infill wall-
braced structural members under reversed cyclic loading. These modifications of structural
action can be detrimental to the seismic performance of buildings, resulting in non-reparable
damage of the adjacent structural members, jeopardising human lives and property [5].

Over the last few decades, awareness of the deficiency in current design and analysis
methods for infilled frames prompted active research on responses of fully infilled RC frames
under seismic effects over the last few decades [6-8], while significant progress in under-
standing their seismic behaviour has been achieved. Nevertheless, the seismic behaviour of
RC frame structures containing infill walls with openings has seldom been studied. It has
been reported that under seismic excitations the geometrically symmetric RC frame structures
containing infill walls with openings can have significant asymmetric damage patterns [9].
Obviously, this asymmetric damage arising from asymmetric loading transfer mechanisms
can have implications for the typical capacity design approach.

To understand the effect of openings in the infill walls on the nonlinear dynamic responses,
hysteretic behaviour and force transfer mechanisms of infilled frame structures. This paper
presents a numerical study on the global nonlinear dynamic responses of masonry infilled RC
frames with different type of openings in infills under seismic. Nonlinear response history
analyses of the masonry-infilled RC frames under realistic ground motion records are per-
formed to investigate their seismic behaviour. The prototype used in this study is based on a
2-storey RC building frame designed to resist earthquakes with PGA of 0.15g. Four types of
masonry-infills configurations: (1) full infills, (2) 2/3-storey-height infills, (3) infills with
window openings and (4) infills with door openings are considered. The prototype structures
are modelled with advanced discrete-finite element methods.

2 PROTOTYPE STRUCTURES

The prototype structure is a two-storey RC building frame designed to resist earthquakes
with a PGA of 0.15g. Confining transverse reinforcement is provided in the frame members,
which are detailed to obtain an expected displacement ductility factor of 2 to 4 [10]. The uni-
axial strengths of the concrete and longitudinal and transverse reinforcements are 20.1 MPa,
400 MPa and 235 MPa, respectively. The full height 125-mm-thick infill panels are com-
posed of 600x300x125-mm masonry units (compressive strength = 15 MPa) and 10-mm-
thick mortar joints (compressive strength =5 MPa). The reinforcement details and elevation
view of the prototype frame is shown in Figure 1. In addition to the full height infills, three
typical types of masonry-infill arrangement containing openings are considered in this study:
(1) 2/3-storey-height infills, (2) infills with window openings and (3) infills with door open-
ings. The window size is 900 mm square, with two windows in each wall. The windows are
located at 2/3 height (from bottom to top) of the wall and 1/3 width (from left to right) of the
wall. The door size is 900x2100 mm, with one door in each wall. The door is located in the
middle-bottom of the wall.
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Figure 1: Prototype frame structure.

3 DISCRETE FINITE ELEMENT MODELS

To adequately capture the local infill-frame interacting behaviour, detailed modelling and
discretisation of the frame and infill components are required. The prototype structures are
modelled with advanced discrete-finite element methods are constructed with ABAQUS [11]
and the mechanical behaviour of concrete and steel-reinforcement elements are modelled with
the smeared isotropic damage-plasticity model [12] and Modified Menegotto-Pinto model [13]
respectively. Furthermore, to simulate the pre- and post-fracture behaviour of the mortar
joints in the infills, damage-based cohesive interactions [14] are enforced on the contact sur-
faces of the masonry units. The formulation of the interfacial constitutive model for the mor-
tar joints is briefly outlined below.

As the strength of mortar joints is often much weaker than that of masonry units in infill
walls, damage and cracks will likely propagate along the joints. In computational modelling,
inelastic deformation will thus be concentrated in the mortar joints with severe distortion of
the elements that may impair the accuracy of the simulation. In view of this, the contact for-
mulation is a more effective tool to simulate extended crack opening and propagation behav-
iour as well as component disintegration in infills. The incremental form of the traction-
separation law for cohesive cracks considering the mixed-mode fracture behaviour of the
mortar joints is given by

At, K.,,1—D-H(t,)) 0 0 Au,
At b= 0 k,(1-D) 0 AU, 1)
At, 0 0 k, (1- D)) || Au,

where t={t,,t.,t} and [u]={u,,u,,u,} are the traction and displacement jump vector be-

tween two masonry unit surfaces, respectively, and ke is an initial isotropic elastic stiffness
tensor. The damage variable D is a scalar parameter of value within [0,1], and normal stiff-
ness is assumed to be completely recovered under the compressive normal traction to account

for the unilateral effect. H¢,) is a step function: H(a)=1 if a>0, otherwise H(a)=0,
which is used to characterise the unilateral effect or stiffness recovery effect. Due to the ma-
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sonry units’ restraint, the macroscopic cracks, which inflict macroscopic stiffness degradation,
in mortar joints are eventually aligned with the bed planes regardless of fracture modes. By
considering the major macroscopic damage mechanism and typical structural actions experi-
enced by infills, it is sufficient to use a damage variable to model the stiffness degradation
effect due to the formation of cracks in mortar joints. The criterion of damage initiation is
defined as

ty+ B+ B - Tr =0 (t,20) 2)

B (

where fqt is the tensile strength of the mortar joints; £ and £ are the ratios of the tensile
strength to the mode 1l shear cohesion strength c¢s and mode I11 tear cohesion strength ct, re-

spectively; and ¢ and ¢ are the friction angles under mode Il and mode Il deformation, re-
spectively. The crack-driving force Gr is defined as

tS

+t,tang)? + (1t |+t tang )’ - £ =0 (t, <0) )

AG, =, JAcu,] +t,

—ft, ftang, )A[uS |+ Qtt ‘ - {—tn }tan é )A[ut] (4)

where {e}denotes the Macaulay bracket: {a}=a if a>0, otherwise {a}=0.

It is assumed that the critical strain-energy release rate Gc under mixed-mode fracture is
represented [15] as

GIIC +GIIIC

T

AG. =—m(Gc +Gyc —Gy¢ )[ J G; AG, ()

where Gic, Guc, and Giic are critical strain-energy release rates under pure mode I, pure
mode 11, and mode IlI fracture, respectively; m is an exponent that depends on the brittleness
of the material; and Go is the strain-energy release rate at damage initiation. The mixed-mode
fraction criterion BK law was developed and verified for ductile and brittle polymer materials,
which have amorphous and polycrystalline solid structures, respectively. Hence, the fraction

criterion is suitable for a wide range of materials with different molecular or grain structures.
The evolution of damage is presented in the form of

AD = max( AG, GTAGCZ,
GC_GO (GC_GO)

0) (6)

When the contact surfaces are under compression, the joints behave similarly to Mohr-
Coulomb materials, and crack propagation is governed by mode Il fracture. However, when
the surfaces are subjected to interacting tension and shear, a mixed-mode fracture criterion of
the BK form would control the crack propagation. Once the mortar joints are fractured, D =1,
and the post-cracking interaction property of the two contact surfaces follows Coulomb’s fric-
tion law; thus the slip criterion is defined as

F= (-t itang)” + (] - -, tang,)? =0 7)

The friction force is treated as constant, i.e., the change is zero at each time increment un-
der the explicit Euler integration scheme, and the possible change in friction force is account-
ed at the end of integration. The model Il or mode 11l fracture energy presented here is the
macroscopically averaged energy, minus the frictional dissipation under normal compression,
required for shearing masonry composites to failure or fracture states. Thus frictions are sub-
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tracted from the total shear tractions in Eq. 6, and when a certain part of the strain energy is
completely released due to fracture D = 1, the frictional dissipation dictated by Coulomb’s
law (Eqg. 7) can continue. Hence, a smooth transition from the traction-separation law to Cou-
lomb’s law is attained.

The model is implemented in ABAQUS through the user-subroutine VUINTERACTION
for traction-separation behaviour in general contact simulations. The integration scheme used
for the implementation of the model is based on a standard modified explicit Euler scheme
with substepping [16]. To illustrate the numerical algorithms of the model implementation,
the solution steps for the mortar joints stressed from the elastic state to the damaged state,
which are similar for other states, are outlined in Figure 2.

1. Ataintegration point on a contact surface, start with t*, [u"], D", G.", G¢", keand t=tt, ptept, GlT = G; > G}: =Gh
A, =it eal, DP=D'+aD!, GL=GLiaGh, ol-ol+adl

2. Check if the mortar joints fractured (D" =1)7 If fractured, go subroutine to integrate 10. Compute the new traction vector, damage variable and strain energy releases rates
the Columb friction problem. as

3. Check if the mortar joints damaged (D" > 0)? If damaged, go to step 8 with t© =0 and /
I ged ( ) ged, g ! ATHT (T +§|\m1 rat) R ADTHAT _ pT *%(ADI +AD2J
At=1, GID. =G}, % =g and Afu)y=AR™). -

4. Calculate elastic predictor: te = t"+ ke A[u™] and

R R T ) S

war_nr L Ll 2) ot _pr a1 L an2
AGE —GT+ELAGT+AGT~AGC =GE rylach v a6

F=§ §E,§H |47+ tan g, ]" +8 ,2&3_/;” [+¢2* tan 355)2 _ fﬁ% ¢ <0) 11. Determine the relative error as
< - ntl _ 2 _pel . .
5. I F<0,thent tagnd exit P L— pa” A% where & isaset of all calculated state variables from
i LTHA
6. If F=>0, calculate portion of A[u™] that cause purely elastic deformation, o, ”Ag{ rI
using the modified regula-falsi intersection scheme.  Set t* = "+ ke o0 A[0™"] and the previous step.

12. If R**DT 2TOL then 2o to step 9 with a smaller pseudo-time increment

s 2 Gl
Gy = GF*EE’M) Z}ZALEHI{!SHD 7|7 {Vt"rﬁ]) zjtmﬁs]mL?H here (v

e z‘ B Jr??(;ﬂn ' z}m @]“’AI?‘:'HI] AT =max(0.9WTOL/R™7 Az, 0.1AT, Aryy)

“{

(to+ "2 13. If R¥*87 c1O0L (solution tolerance)
7. Setz=0andAt=1, GR=Gy, GY =GP and Au]y = (1-o) Aw™'] ae
! v =T At DTHAT = DT 4 ADTHET GIHAT T pgTtAT
8. While t<0, dosteps 9to 14
At _ o Ar
9. Fori=1,2, calculate GEAT =Gl v aart
A =(I- D'S)k, am[u], 14.  Extrapolate to obtain the pseudo-time increment of the next sub-step by

At —min(.WTOL/ B 47 Ar Ar - A7) T=T4AT

15. When r=1, exit with

a0t = o (|- Eans Yot + (|- o ans Jaot

e

m i oyl prtl _ pl Gﬁ”:G%— gl _ gl
Gy +G AGY GpAG] ’ rT » Yo T¥e
86 = =Gy + G =G| LT | Gragh AD = max(——— - ?T - =
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)

where
s

Hity) 0 °:| is matrix used to characterise unilateral effect and
o 1o

0 [

Figure 2: Solution steps for the mortar joints stressed from elastic state to damaged state.

4 SEISMIC FAILURE MODES AND FORCE TRANSFER MECHANISMS

Each of the infilled frame structures are subjected to four real earthquake ground motions:
(1) 1979 EI Centro 1140-component at USGS-station 5056 (PGA = 0.149), (2) 1987 Supersti-
tion Hills 225-component at USGS-station 5051 (PGA = 0.46g), (3) 1995 Kobe 000-
component at station Takatori (PGA = 0.61g) and (4) 1999 Chi-Chi EW-component at station
CHYO080 (PGA = 0.96g). The elastic response spectra of the four ground motions are shown
in Figure 3.
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Figure 3: Elastic response spectra of the ground motions.

Under the four ground excitations, the resulted hysteresis loops of the prototype structures
are plotted in Figure 4. Comparing with the frames with full-height solid infills, the introduc-
tion of openings in the infill panels significantly reduces the incurred bracing action against
the bounding frame. The maximum base shears experienced by the infilled frames with win-
dow openings are reduced to approximately two-thirds to as much as one-half of that experi-
enced by the fully infilled frames; surprisingly, the damage to the bounding RC frame and the
infill panel is the most severe amongst the four infilled structures, as shown in Figure 5. Yet,
the structure is still able to attain higher lateral stability than the frame with captive columns,
as shown in Figure 4.

1979 El-Centro 1987 Superstition-Hill 1995 Kobe 1999 Chi-Chi
1900 4000 - @ 6000
1000 400 /]
2000 | 2000 { "
. . 500 2000 ij
Fully infilled frame o 0! 0 / ° !
500 y | 2000 .
-1000 : i " 4000 v
1500 4000 4100 4000
0 20 0 20 4 ~$00-800-400-200 @ 200 400 €00 800 200600400200 0 200 400 600 200 -800.600400-200 0 200 400 600 800
1000 1 3000 3000 3000
. 200 P 200 2000 | =
Infilled frame with ™ 10 (/ w0 1000 | Yy
0 ° e ° o
e 1 ~1000 [-L; 4000 41000 | K(J
captive columns 00 S W e i)
1000 1 5 L5 i B 3000 000 e e
0 2 0 2 4@ $00-600400:200 0 200 409 600 200 $50.£00400200 0 20 420 600 800 $00.£00400-200 0 200 420 €00 800
1000 008 40%0 6000 .
. . ot ‘ - ; w0 :
Infilled frame with ~ *°| o f ‘ ‘ 200 | A
Z | )
0 %!;?f ° of i of /[ |
indow-openings ik 00 m‘ | | (G |
window-openings 0| S ‘ i ]
1000 - - - - | ooy HiE I8 == == 22k R B2 4000 £000 !
“© 0 2 0 500600400200 0 200 430 600 800 200500400200 0 200 420 600 B0) 500600400200 0 200 400 600 8OO
1000 ¢ %00 ) 00 [ 20
| |
. 2000 1
Infilled frame with =} S H | o s = )
7 [ [ oo | v
o l%r/,_g; z ; of ,r/ of [7/
: i [ | /
door-openings O G o 1100 | szl ik a0 | !
2000 . 4000 {
1050 - 300 | A0 — 400
“© ° n @ $00600400-200 © 200 400 600 800 B0 40400200 0 200 40 WO 800600400200 0 200 400 600 300

Figure 4: Hysteresis behaviour of infilled frames
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Figure 5: Damage pattern of infilled frames.

Although the incurred seismic forces are quite significantly reduced by the introduction of
openings, very serious damage that is much more severe than that inflicted upon the fully in-
filled frames subjected to higher seismic forces is inflicted on the bounding RC frame under
seismic loading. This apparently abnormal behaviour is due to the partial collapse of the
holed infill panels, as shown in Figure 5. Stored strain energy in the collapsing infill compo-
nents is suddenly released, resulting in severe, localised damage to the infill. In other words,
following the toppling of infills, most of the seismic vibration energy is absorbed by the
bounding frames rather than the infills in infilled frame structures with window openings, in
contrast to the fully infilled frames, in which most of the vibration energy is apparently ab-
sorbed by the non-toppled infills.

Nevertheless, the infilled frames with window openings can attain quite reasonable post-
damage lateral stability, although the structures suffer more extensive damage than other in-
filled frames. Again, the vertical and lateral bracing actions provided by the full-height infill
panels contribute this stability to the structure. This result demonstrates the importance of the
continuity of the infill distribution in a bounding frame to the global stability of the structure.
A discontinuous infill distribution, such as the infilled frames with captive columns, tends to
have lower post-damage lateral stability because any force-flow discontinuity can prohibit the
development of other force transfer mechanisms, decreasing the potential for force redistribu-
tion. Therefore, even with such severe damage being inflicted on the structure, the continuous
non-toppled infills in the infilled frames with window openings are still able to transmit the
lateral and vertical forces through multiple strut bracing mechanisms, as shown in Figure 6.

By contrast, while other frames behave elastically under the 1979 El Centro earthquake,
the infilled frames with openings exhibit a ratchetting phenomenon in which the irrecoverable
inelastic drift develops progressively with each loading cyclic, as shown in Figure 4, quite
similar to the fatigue effect. This phenomenon occurs because the cracking strength of the
infill panels with openings is lower than that of solid infills due to stress concentration in the
corners, as shown in Figure 6. As a result, sliding cracks are initiated at those corners and
progressively propagate along the bed joints under cyclic loadings, and the inelastically de-
formed infill panels restrain the undamaged bounding frame from deflecting back to the origi-
nal configuration, resulting in the development of residual drift.
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Figure 6: Force transfer mechanisms: plots of the principal compressive stress distribution of infilled frames (a)
before major cracking and (b) after major cracking.

Similar to window openings, door openings weaken the bracing action of infills to the
bounding frame. The incurred base shear is reduced to approximately 80%, as much as 50%
of that experienced by the fully infilled frames. As shown in Figure 5, the structures exhibit
rather asymmetrical damage patterns; the rightmost columns suffer more severe damage than
the leftmost columns, while opposite damage distributions are evident in the beams, which
more damage is inflicted in the left beams. Although the infilled frames with door openings
exhibit lower initial stiffness and thus experience less seismic forces than the structures with
window openings under the excitation of the EI Centro earthquake, the post-damage stiffness
and base shear of the former structures become considerably larger than that of the later struc-
tures under the other three strong earthquake excitations. This increase can be understood by
observing the initial and post-damaged force transfer mechanisms, as shown in Figure 6.

The “door” structures have weaker initial bracing action than the “window” structures, but
after the infills suffer severe damage with the formation of major cracks or even partially col-
lapse, the post-damaged lateral bracing mechanisms, as characterised by the inclined com-
pressive struts, of the “door” structures are much stronger and more robust than the “window”
structures. As a result, the incurred base shears of the “door” structures are larger in the post-
damage states and can reach magnitudes as high as 80% of that experienced by the fully in-
filled frames. The structural damage of the frames with door openings is less than that in-
curred on the frames with window openings due to reduced disintegration of infill
components.

However, the damage is apparently more severe than that to the fully infilled frames, or
more precisely speaking, the damage distribution is considerably asymmetric, as indicated
previously. This increase in severity occurs because the initially symmetric lateral force
transfer mechanisms are destroyed by the ratchetting effect. In contrast to the “window” struc-
tures, the infills founded on the floors in the “door” structures are not horizontally continuous
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due to the introduction of the door openings, which results in unrestrained sliding of the infill
panels. Sliding of the infill panels leads to strong variation of the lateral force transfer mech-
anisms, as well as the resulting drifts and hysteresis loops, of the structures under loading act-
ing in two opposite directions. Although the lateral stability remains quite satisfactory for the
prototype structure with door openings adopted in this study, if the structures were taller, the
stability would decrease because a significant P-A effect would be triggered under large verti-
cal loading and lateral drift.

5 CONCLUSIONS

On the basis of the analysis results, the following conclusions are drawn:
e Non-toppled full infills panels can enhance the overall stability and energy dissipation,
though the structures suffer much larger seismic forces.

e Infilled frames with window or door openings exhibit, respectively, shakedown or ratch-
etting phenomena in hysteretic behaviour due to the propagation of sliding cracks initiat-
ed from the corners of the openings.

e Unrestrained ratchetting deformation in the infilled frames with door openings incur se-
rious asymmetric damage patterns and lateral force transfer mechanisms.

e Serious short column phenomenon occurs in the 2/3-storey-height infilled frame struc-
tures, in where the central short columns experience serious localised damage and this
leads to significant pinching phenomenon in the hysteretic loops.
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