Dynamic Behavior of Reinforced Concrete Structures With Masonry Walls
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Abstract. The inclusion of a soft storey in multistory concrete buildings is a feature gaining popularity in urban areas where the cost of land is exorbitant. In earthquake prone zones, this feature has been observed in post earthquake investigations. Although engineers are prepared to accept the notion that a soft storey poses a weak link in seismic design, yet the idea demands better understanding. The following study illustrates the importance of the judicious distribution of shear walls. A typical building is analyzed through nine numerical models which address the behavior of framed structures. The parameters discussed include, inter alias, the fundamental period of vibration, lateral displacements and bending moment.  It is noticed that an abrupt change in stiffness between the soft storey and the level above is responsible for increasing the strength demand on first storey columns. Extending the elevator shafts throughout the soft storey is strongly recommended.
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INTRODUCTION
In metropolitan areas Planners have a tendency to allocate the first level or first levels of high rise buildings for functional or vernacular requirements such as parking facilities or public service areas. This feature is particularly true and is gaining popularity in urban areas in many geographical locations worldwide especially in locations where land cost is exorbitant or where land is a scarce commodity. Such a task is normally accomplished by removing the walls that surround the building, thus reducing the stiffness of that particular floor and producing a soft storey. It is also possible that a soft storey may also be included in intermediate floor levels. However, since Palestine lies in a seismically active zone, it becomes an indispensable task to thoroughly evaluate the behavior of such structures. Furthermore, it is customary for facades of buildings to be covered either by infill masonry walls with no reinforcement or by reinforced concrete shear walls with natural stone cladding; the seismic evaluation task becomes even more pressing. According to the IBC 2003 [2], a soft storey is defined as the storey in which the lateral stiffness is less than 70 percent of the value of the story above it or less than 80 percent of the average stiffness of the above three storey levels. Building codes and engineering practice place little or no restrictions on structural modeling. Three dimensional models with comprehensive seismic analysis is hitherto not an obligatory practice. This is in spite of the fact that 1D and 2D models are approximate at best. This is obviously due to the omission of real and accidental torsion effects. The IBC allows the use of an equivalent lateral static load analysis under certain conditions but also allows, but without demanding, a thorough dynamic analysis procedure.  It has been shown that the columns in a soft storey are prone to failure; this is because the upper structure would behave as one stiff and rigid beam attracting the major portion of the induced lateral forces. This happens as a result of the energy absorption that happens in the lower flexible portion of the building with little absorption in the rigid part above. The concentration of forces and energy absorption requirements render the design of such structural elements quite critical in nature. In many geographical locations the choice of the analysis methods is customarily left to the discretion of the designer. The response of any structure including its base shear is a function of its seismic properties, namely its mass and stiffness. The basic indicator in this case is the array of modal frequencies and mode shapes which, in association with the nature of the ground excitation, predetermine the emerging structural response. Structures may vary in form, in shape and in mass distribution in both the lateral and vertical directions. Some buildings, due to local government regulations are also required to have abrupt vertical setbacks. As a direct result of all this, forces get unevenly distributed and the induced stresses and deflections are never uniform but may substantially vary in magnitude. This underlines the need for thorough and careful investigative study. Thus an elementary two dimensional frame analyses or even incomplete three dimensional frame analyses may lead to erroneous results.
The present paper is intended to present, in a concise manner, a conceptual methodology for tackling design problems of structures with a soft storey. It also attempts to point out a scheme that introduces a balanced distribution of panel walls between the first floor and the underneath soft storey in order to avoid abrupt changes in stiffness which have a profound effect on the subsequent response. 

DESCRIPTION OF STRUCTURAL MODELS

A seven storey symmetrical reinforced concrete structure is selected It has two housing units in each storey with a staircase in between. The first level of the selected building is a parking area servicing the occupants. The building is comprised of a reinforced concrete structural frame with infill masonry walls. The columns in all selected models are assumed fixed at the base for simplicity since the foundation type influence is not the focus of the present study. Following local considerations, the building is envisaged to be of a seismic group II and Seismic Design Category B in accordance with the International Building Code. For the purpose of this presentation the live load is taken to be 3 kN/m2, the floor finish load is taken as 1.5 kN/m2 .Wind loading is not considered because it has no bearing on the intended context. The IBC 2003 response spectrum with 5% damping ratio is adopted in the study. The design spectral response acceleration at short period Sds and at one second period Sd1 are assumed to be 0.333g and 0.133g respectively. The unit weights for concrete and masonry are taken as 25 kN/m3 and 20 kN/m3 respectively. The elastic modulus of concrete is taken as 28,500 MPa and that of masonry is taken as 3,500 MPa. The Poisson's ratio for both concrete and masonry is taken as 0.2. The total height of the building is 21 meters, its length is 21 meters while the width is 12 meters. The general layout is kept as regular as possible in order to focus an undistracted attention on the effect of the infill wall distribution. A regular structure is understood to be the one in which minimum coupling exists between the lateral displacements and the torsion rotations associated with the lower frequencies of the system. The numerical models are built using SAP 2000. The live load contribution to the seismic mass is estimated at 30% in addition to the contribution of the full dead load of the structure. Nine different study models are numerically investigated; they vary in infill walls distribution and in the wall material properties. Both the long and the short directions are as such included. The models are described as follows: 
1. Model 1: Bare frame for all levels 
2. Model 2: 15 cm infill walls at all levels but at the soft storey level no walls are included. Window openings are assumed small thus they are totally neglected, 
3. Model 3: 15 cm infill un-reinforced walls in all floors. In the first storey few side infill walls are included. 
4. Model 4: Same as in 2 but reinforced walls are included to act as shear walls.  
5. Model 5: Same as in 2 but the columns of the first storey are made substantially stiffer (60 cm x 60 cm).
6. Model 6: Same as in 2 but the short direction has one shear wall in the soft storey, two shear walls in the above story and three shear walls in the third storey while in the long direction the soft storey has one shear wall , the second story has three shear walls and the third has 5 shear walls. Thus presenting a gradual increase in stiffness.
7. Model 7: Same as in 2 but a shear wall corresponding to core in four directions is introduced at the soft storey level.
8. Model 8: Same as in 1 but introducing an elevator shaft of 20 cm reinforced concrete wall in four directions in the center core of the building.
9. Model 9: Same as 4 but the added walls are reinforced walls but with stone cladding. The stones add mass without considerable increase in stiffness.
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Figure 1. Floor plan of all structural models

MODEL DESCRIPTION

In constructing the various numerical models except for model 5, all columns are assumed having a square cross section of 40 cm x 40 cm; solid slabs and walls are modeled as shell elements of 20 cm thickness sitting on continuous drop beams of 40 cm x 40 cm section. This is in order to focus an undivided attention on the structural behavior without getting distracted by minor element configurations. Beams and columns are modeled as frame elements. Slabs and walls are modeled as shell elements. 
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		Figure 2 Schematic diagrams for the nine study models.

The stairs are modeled as part of the building roof or floor system. This is in order to eliminate any induced torsion and to keep the structure as symmetrical as possible. Furthermore, only elements of prime significance to structural behavior are modeled. Window openings are assumed tiny relative to the overall wall area thus not included as they have no appreciable bearing on the general behavior of the structure [6]. Supports at the base are assigned a total fixation. Since the design is not the objective of the present discussion, uncracked sections are specified. The construction material is assumes isotropic and linear. Figure 1 shows the general layout plan of the building used in the study. A set of 12 eigenvectors are requested. Masonry walls with no reinforcement bars are modeled as contributing to the mass of the structure and providing no ductility provision. Appropriate meshing of all shell elements was generated to assure solution convergence.

RESULTS AND DISCUSSION

The fundamental period in seconds using the IBC code equation T=0.073HN3/4 (H in meters) is 0.72 seconds, and for the rest of the modes T=0.049HN3/4 is 0.48 seconds. Such values are slightly different from the values obtained from the modal decomposition analysis and shown in Table 1 which are obtained from the analysis of the different numerical models without restricting their direction of motion. The table shows also a comparison between the first three modal periods, directions and mass participation ratio obtained from the analysis of the numerical models. It is clear that the code expression for the period does not make any distinction between the values of the period in different directions. Comparing model 4 with model 9 it is readily noticed that the addition of the masonry wall increased the period of vibration thus reduced the associated fundamental frequency. This is due to the appreciable increase in mass without effectively increasing stiffness.

 Table 1: Tabular comparison of the fundamental periods for the selected models

	Model
No.
	1st mode
	2nd mode
	3rd mode

	
	T
(sec)
	Direction
	Mass part. ratio
	T
	Direction
	Mass partic. ratio
	T
	Direction
	Mass partic. ratio

	1
	0.90
	Uy
	0.83
	0.88
	Ux
	0.83
	0.79
	Rz
	0.83

	2
	0.56
	Uy
	0.94
	0.49
	Ux
	0.98
	0.43
	Rz
	0.99

	3
	0.48
	Uy
	0.88
	0.41
	Ux
	0.94
	0.30
	Rz
	0.95

	4
	0.47
	Uy
	0.99
	0.43
	Ux
	0.99
	0.39
	Rz
	0.99

	5
	0.44
	Uy
	0.85
	0.35
	Ux
	0.90
	0.29
	Rz
	0.94

	6
	0.36
	Uy
	0.79
	0.35
	Rz
	0.98
	0.31
	Ux
	0.85

	7
	0.41
	Uy
	0.77
	0.32
	Ux
	0.84
	0.22
	Rz
	0.83

	8
	0.53
	Ux
	0.73
	0.50
	Rz
	0.86
	0.45
	Uy
	0.73

	9
	0.50
	Uy
	0.99
	0.46
	Ux
	0.99
	0.43
	Rz
	0.99



Model 1, as unrealistic as it is, but most widely adopted by designers has the largest mass to stiffness ratio hence the largest period. It provides almost equal periods in both directions with a mass participation factor of 0.83 for the first three modes. This makes it imperative that additional modes be included in the analysis in order to reach a code desired 90% mass participation ratio. While reinforced shear walls add substantial stiffness to the structure, pure infill walls add little stiffness. It is shown that reinforced infill walls in upper floors combined with some side reinforced walls at the first storey provide the best alternative from a strict vibration vantage point.
   
COMPARISON OF THE LATERAL DISPLACEMENTS

For easy comparison of the lateral deformation of the selected systems, plots of the storey level displacement in the short and in the long directions versus height are made for the first eight models, all imposed on the same graph. These are presented in Figure 7 and Figure 8. It is clear that model 1 has the largest displacements; hence it has the smallest stiffness. The first storey displacement that is most sudden in slope appears to be in models 2, 3 and 4 then it is followed by a smooth displacement distribution. These are the models with a soft storey and irregular stiffness distribution.  Gentler displacement profiles for all stories are noticed in models with uniform stiffness distribution such as models 5, 6 and 7. Model 8 resembles model 1 but with smaller amount of displacements. Models 1 and 8 have an almost linear displacement variation, unlike the other models, implying that the assumption of linear displacement variation is only acceptable if uniform stiffness distribution over the height of building prevails. Model 6 has a small first storey displacement of about 15 % of that of model 3. This implies that the crucial displacement may be effectively reduced if the stiffness of the first storey is made within an order of magnitude equal to the stiffness of the story above. A similar conclusion is manifested from the displacement profiles in the long direction of the building.

Figure 7. Displacement in the short direction versus height (units in meters)



Figure 8. Displacement in the long direction versus height (units in meters)
COMPARISON OF DESIGN FORCES

For completeness, it is prudent to compare moment and shear forces in building columns of the soft storey in all the models. The bar charts in Figure 9 and Figure 10 show the pertinent values. A quick examination of the plots reveals that there is no significant difference in behavior between the short and the long directions in regard to the shear force distribution. Axial forces, however, are consistently larger in the short direction than in the long direction.
Models 2 through 7 are almost similar in increasing force demand as compared to model 1. However, with the inclusion of an elevator shaft in the first storey the shearing force demands on columns are significantly reduced.
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Figure 9. Forces in a typical corner column in the first storey level
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Figure 10. Forces in a typical corner column at the first storey level


Figure 11. Bending moment in a corner column in the short and in the long directions

CONCLUSIONS

Reinforced concrete multistory buildings with stone facades and a soft storey form an attractive and popular architectural feature in urban areas in Palestine and elsewhere in the Middle East. They will continue to gain popularity and will be adopted for many long years to come. Therefore it is essential for the structural system selected to be thoroughly investigated and well understood from a dynamic behavior vantage point as this geographical area lies within a well known active earthquake prone zone. This is also because it is a standard practice to specify masonry wall facades with no reinforcement on a bare frame structure. This is prescribed while analyzing the building as a bare frame. It is noticed that the addition of unreinforced masonry wall has an adverse affect on the response of the structure due to the resulting appreciable decrease in its fundamental frequency. The practice also calls for leaving the first floor with columns only. The forgoing presentation shows, through a rigorous analysis and examples, that a typical residential building having the said system is a vulnerable one that defies the intended goals of increasing the fundamental frequency and relieving the flexural thrust at the soft storey level columns thus avoiding the abrupt displacement. Furthermore, the results of the analysis indicate that an abrupt change in storey stiffness is responsible for the sudden change in displacement, hence placing a greater strength demand on the first story columns. It should be noticed that failure of such buildings is catastrophic. Therefore, it is suggested that immediate action be taken to avoid leaving walls without reinforcement and to never rely on column action alone to resist the bulk of the seismically induced lateral forces. It is of paramount importance that the change in stiffness between the lower soft storey and the upper floors be gradual and never abrupt. This is to be governed through shear wall placement manipulation.    
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x-displacement versus height
Model 1	0	5.9501554859728925E-3	1.3722842181533301E-2	2.0893742631932211E-2	2.7081030343880215E-2	3.2084574356380999E-2	3.5699822864534346E-2	3.77544559327498E-2	0	3	6	9	12	15	18	21	Model 2	0	1.1823864215877937E-2	1.3894149604240506E-2	1.5511217304621199E-2	1.6935084473584303E-2	1.8113731699194315E-2	1.9016406917916801E-2	1.9627251996570221E-2	0	3	6	9	12	15	18	21	Model 3	0	7.8180731642479313E-3	9.945984238811309E-3	1.1826592930098799E-2	1.350170818869212E-2	1.4901792361592404E-2	1.5980063483045513E-2	1.6707674339148323E-2	0	3	6	9	12	15	18	21	Model 4	0	1.3331705838923411E-2	1.38777000506733E-2	1.4284203394186503E-2	1.4659777188547799E-2	1.4998076182074488E-2	1.5295203702904098E-2	1.5550005598088518E-2	0	3	6	9	12	15	18	21	Model 5	0	4.0246427294096162E-3	6.1850201560426296E-3	8.0059733830268216E-3	9.6386274683490907E-3	1.1004688914542801E-2	1.2045591839353111E-2	1.2723447060485806E-2	0	3	6	9	12	15	18	21	Model 6	0	2.6403105396943251E-3	3.4993203334286998E-3	3.8335808518745176E-3	4.2575035829151052E-3	4.6591673581283417E-3	5.0167350660939702E-3	5.3196335546629074E-3	0	3	6	9	12	15	18	21	Model 7	0	2.2934851357963135E-3	4.1120783477265055E-3	5.9608157294039014E-3	7.6452529275655434E-3	9.0792599195972726E-3	1.0195395473090898E-2	1.094365641918032E-2	0	3	6	9	12	15	18	21	Model 8	0	2.0341149527143962E-3	5.306232278029812E-3	9.2106174459516688E-3	1.3406607090340901E-2	1.7630676724058009E-2	2.1709235256027425E-2	2.5411066945693925E-2	0	3	6	9	12	15	18	21	x-displacement

height



y-displacement versus height
Model 1	0	5.9241714655943675E-3	1.3747058956533413E-2	2.1020691491580278E-2	2.73535203499106E-2	3.25418011591821E-2	3.6372585498175611E-2	3.8659829379050402E-2	0	3	6	9	12	15	18	21	Model 2	0	1.0571638961150199E-2	1.3554624490011201E-2	1.6160393432089602E-2	1.8553861734123621E-2	2.0637474717887402E-2	2.2336827404356437E-2	2.3595381637388377E-2	0	3	6	9	12	15	18	21	Model 3	0	6.2309166511477602E-3	9.3795306565545664E-3	1.2432295394993699E-2	1.5279845818098201E-2	1.778822762573732E-2	1.9849123525653021E-2	2.1375368537578949E-2	0	3	6	9	12	15	18	21	Model 4	0	1.3192595410699901E-2	1.42164714087844E-2	1.5106834574370899E-2	1.5946934780038401E-2	1.6721955705412832E-2	1.7423367183019001E-2	1.8045197265767435E-2	0	3	6	9	12	15	18	21	Model 5	0	4.2062098312946206E-3	7.4663905237974696E-3	1.05087112369043E-2	1.3353824661805128E-2	1.584934621346272E-2	1.7868990594904301E-2	1.9312762202269903E-2	0	3	6	9	12	15	18	21	Model 6	0	2.2150296230864499E-3	3.4407935060961252E-3	4.5365268401514804E-3	5.5203183835706594E-3	6.4354267416863904E-3	7.2698144420610903E-3	8.008155657104301E-3	0	3	6	9	12	15	18	21	Model 7	0	1.7287275708898816E-3	4.8144283252972899E-3	8.0941326755779846E-3	1.1207627143920601E-2	1.3983584186669524E-2	1.6277924851326502E-2	1.7969783975496596E-2	0	3	6	9	12	15	18	21	Model 8	0	1.7125484037006423E-3	4.3791422208799124E-3	7.6256131748199413E-3	1.1203857511419816E-2	1.4886192956665399E-2	1.85119572709029E-2	2.1759390355741499E-2	0	3	6	9	12	15	18	21	y-displacement

height
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