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Architectural and Structural Considerations 
 

Building Configuration: 
 

In recent years, there has been increased emphasis on the importance of a building’s 

configuration in resisting seismic forces. Early decisions concerning size, shape, 

arrangement, and location of major elements can have a significant influence on the 

performance of a structure. Since the design professional plays a large role in these early 

decisions, it is imperative that the architect thoroughly understand the concepts involved. 
 

Building configuration refers to the overall building size and shape and the size and 

arrangement of the primary structural frame, as well as the size and location of the 

nonstructural components of the building that may aspect its structural performance. 

Significant nonstructural components include such things as heavy nonbearing partitions, 

exterior cladding and large weights like equipment or swimming pools. 
 

In the current IBC, elements that constitute both horizontal and vertical irregularities are 

specifically defined, so it is clear which structures must be designed with the dynamic 

method and which structures may be designed using the static analysis method. The code 

states that all buildings must be classified as either regular or irregular. Whether a 

building is regular or not helps determine if the static method may be used. Irregular 

structures generally require design by the dynamic method, and additional detailed design 

requirements are imposed depending on what type of irregularity exists. 
 

The following sections describe some of the important aspects of building configuration. 

 

• Torsion 
 

Lateral forces on a portion of a building are assumed to be uniformly distributed and can 

be resolved into a single line of action acting on a building. In a similar way, the shear 
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reaction forces produced by the vertical resisting elements can be resolved into a single 

line of action. For symmetric buildings with vertical resisting elements of equal rigidity, 

these lines of action pass through the same point. 
 

If the shear walls or other vertical elements are not symmetric or are of unequal rigidity, 

the resultant of their shear resisting forces, the center of rigidity, does not coincide with 

the applied lateral force. Since the forces are acting in opposite directions with an 

eccentricity, torsion force is developed (Figures 2.8 and 2.9). 

 
Figure (2.8) Development of torsion 

 

The IBC requires that even in symmetrical buildings a certain amount of accidental 

torsion be planned for. This accounts for the fact that the position of loads in an occupied 

building cannot be known for certain. The code requires that the mass at each level is 

assumed to be displaced from the calculated center of mass in each direction by a 
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distance equal to 5 percent of the building dimension at that level perpendicular to the 

direction of the force under consideration.  

 

 
 

 
 

 

 

 

Figure (2.9): Torsion’s analogous simplification 
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The importance of understanding the concept of torsion will become apparent in the 

following sections. 
 

• Plan Shape & Dimensions: 

Irregularities in plan shape can create torsion and concentrations of stress, both of which 

should be avoided whenever possible. One of the most common and troublesome plan 

shapes is the re-entrant corner.  
 

During an earthquake, the ground motion causes the structure to move in such a way that 

stress concentrations are developed at the inside corners. In addition, since the center of 

mass and the center of rigidity do not coincide, there is an eccentricity established that 

results in a twisting of the entire structure as discussed in the previous section. 
 

Of course, building shape is often dictated by the site, the program, or other requirements 

beyond the control of the architect or engineer. In the cases where such shapes are 

unavoidable, there are ways to minimize the problem. The portions of the building can be 

separated with a seismic joint, they can be tied together across the connection, or the 

inside corner can be splayed (Figures 2.10 and 2.11). 

 

 
Figure (2.10): Problem plan shapes 
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A second common problem that arises with building plans is a variation in the stiffness 

and strength of the perimeter.  

 
Figure (2.11): Solution to re-entrant corners 

 
Figure (2.12): Variation in perimeter stiffness 
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Even though a building may be symmetric, the distribution of mass and lateral resisting 

elements may place the centers of mass and rigidity in such a way that torsion is 

developed.  
 

During an earthquake, the open end of the building acts as a cantilevered beam causing 

lateral displacement and torsion. There are four possible ways to alleviate the problem. In 

the first instance, a rigid frame can be constructed with symmetric rigidity and then the 

cladding can be made nonstructural. Secondly, a strong, moment-resisting or braced 

frame can be added that has stiffness similar to the other walls. Third, shear walls can be 

added to the front if this does not compromise the function of the building. Finally, for 

small buildings, the structure can simply be designed to resist the expected torsion forces. 
 

The ratio of plan dimensions should not be inordinately large to prevent different types of 

forces acting on different plan sections. If this cannot be achieved, then seismic joint 

should be provided in such a building. 
 

C. Elevation Design 

The ideal elevation from a seismic design standpoint is one that is regular, symmetrical, 

continuous, and that matches the other elevations in configuration and seismic resistance. 

Setbacks and offsets should be avoided for the same reason as re-entrant corners in plan 

should be avoided; that is, to avoid areas of stress concentration. Of course, perfect 

symmetry is not always possible due to the functional and aesthetic requirements of the 

building, but there are two basic configurations that should (and can) be avoided by the 

architect early in the design process. 

 

The first problem configuration is a discontinuous shear wall. This is a major mistake and 

should never happen. Discontinuities can occur when large openings are placed in shear 

walls, when they are stopped short of the foundation, or when they are altered in some 
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other way. Since the entire purpose of a shear wall is to carry lateral loads to the 

foundation and act as a beam cantilevered out of the foundation, any interruption of this 

is counterproductive. Of course, small openings like doors and small windows can be 

placed in shear walls if proper reinforcement is provided. 
 

Two common examples of discontinuous shear walls are shown. In the first, the shear 

wall is stopped at the second floor level and supported by columns. This is often done to 

open up the first floor, but it creates a situation where stress concentrations are so great 

that even extra reinforcing cannot always resist the build-up of stress (Figure 2.13). 

 
Figure (2.13): Discontinuous shear walls 

 

The second example is also a common design feature where the second floor and floors 

above are cantilevered slightly from the first floor shear wall. Even though the shear wall 

continues, the offset also creates an undesirable situation because the direct load path for 

the lateral loads is interrupted, and the floor structure has to carry the transfer of forces 

from one shear wall to the next. 

In all cases of discontinuous shear walls, the solution is simple: shear walls should run 

continuously to the foundation. 
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Another serious problem with building configuration is the soft story. This occurs when 

the ground floor is weaker than the floors above. Although a soft story can occur at any 

floor, it is most serious at grade level because this is where the lateral loads are the 

greatest. The discontinuous shear wall discussed in the previous section is a special case 

of the soft story. Others can occur when all columns do not extend to the ground or when 

the first story is high compared with the other floors of the structure (Figure 2.14).  

 
Figure (2.14): Soft first stories 

 

A soft story can also be created when there is heavy exterior cladding above the first 

story and the ground level is open. Of course, there are usually valid reasons for all of 

these situations to occur. For example, a hotel may need a high first story, but shorter 

floors above for the guest rooms. 
 

When earthquake loads occur, the forces and deformations are concentrated at the weak 

floor instead of being uniformly distributed among all the floors and structural members. 
 

There are several ways to solve the problem of a soft story. The first, of course, is to 

eliminate it and try to work the architectural solution around the extra columns or lower 
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height. If height is critical, extra columns can be added at the first floor. Another solution 

is to add extra horizontal and diagonal bracing. Finally, the framing of the upper stories 

can be made the same as the first story. The entire structure then has a uniform stiffness. 

Lighter, intermediate floors can be added above the first between the larger bays so they 

do not aspect the behavior of the primary structural system. 
 

Lightweight Construction: 

The greater the structural mass, the greater the seismic forces. In contrast to wind design, 

seismic design calls for lighter construction with a high strength-to-weight ratio to 

minimize the internal forces. 
 

Ductility: 

The ductility of the structure can be considered as a measure of its ability to sustain large 

deformations without endangering its load-carrying capacity. Therefore, in addition to 

seismic strength, the ductility of the structure should be given serious consideration. 

• The required ductility can be achieved by proper choice of framing and connection 

details. 

• Ductility is improved by limiting the ratio of reinforcement on the tension side of 

beams. 

• Using compression reinforcement in beams enhances ductility. 

• Using adequate shear reinforcement enhances ductility. 

• Provision of spiral reinforcement or closely spaced ties improved ductility. 
 

Adequate Foundations: 

Differential settlement of buildings is to be minimized through proper design of footings. 

Earthquake oscillations can cause liquefaction of loose soils, resulting in an uneven 

settlement. Stabilization of the soil prior to building construction and the use of deep 

footings are some remedial measures needed to overcome such a problem. 
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Short Column Effects: 

Frequently a column is shortened by elements, which have not been taken into account in 

design, such as the partial-height infill walls. This creates very large shear forces due to 

the short length of the column when subjected to very large bending moments. Even if 

very strong stirrups are used it is difficult to save such columns, therefore such collapses 

have been frequent. The only possible solution is to use different structural concept; 

eliminating such partial heights of infill walls. The shear force is given by the following 

relation V = 2 M (plastic) / L (Figure 2.15). 

 
Figure (2.15): Failure due to short column effect 

 

Separation of Structures: 

The mutual hammering received by buildings in close proximity of one another has 

caused significant damage. The simplest method of preventing damage is to provide 

sufficient clearance so that the free motion of the two structures can occur. 
 

Joints and Connections: 
 

Joints are often the weakest link in a structural system. It is necessary to provide strong 

horizontal confining reinforcement within the joint zone. Joints in reinforced concrete 

frames are often responsible for collapses in earthquakes. 
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Inadequate Shear Strength: 

To enhance shear capacity one should first use suitable amount of stirrups and ties to 

prevent the brittle type of failure associated with shear. Diagonal reinforcement is 

recommended for deep members to resist diagonal tension. 
 

Materials and Workmanship: 

It is obvious that no design can save the structure if bad materials are used or if 

workmanship is not good. The best available quality design codes are deemed useless 

unless quality control is kept starting from the design process and ending up with the site 

execution.  
 

Bond, Anchorage, and Splices: 

Bond, when effectively developed, enables the concrete and reinforcement to form a 

composite structure. If the area of concrete surrounding the bar is small, splitting is the 

common mode of failure. One should avoid splices and anchorage at the location where 

the surrounding concrete is extensively cracked (i.e., plastic hinges). 
 

Detailing of Structural Elements: 

Closely spaced stirrups and ties are used in columns and walls, to hold the reinforcement 

in place and to prevent buckling of longitudinal bars. Closely spaced stirrups and ties are 

used in potential hinge regions of beams, to ensure strength retention during cyclic 

loading. Detailing of special transverse steel through beam-column joints in ductile 

frames to maintain the integrity of the joints during adjacent beam hinge plastic 

deformation is required. 
 

Detailing of Non-Structural Elements: 

The tendency of non-structural elements to be damaged, as the building sways need to be 

addressed. To overcome such problems, either separation is kept between structural and 
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non-structural members, or the forces resulting from the attachment of structural elements 

need to be taken into consideration. 
 

The Effect of Earthquakes on Buildings 

When an earthquake occurs, the first response of a building is not to move at all due to 

the inertia of the structure mass. Almost instantaneously, however, the acceleration of the 

ground causes the building to move sideways at the base causing a lateral load on the 

building and a shear force at the base, as though forces were being applied in the opposite 

direction. As the direction of the acceleration changes, the building begins to vibrate back 

and forth. 

 
Figure (2.16): Building motion during an earthquake 

 

Theoretically, the force on the building can be found by using Newton’s law, which states 

that force equals mass times acceleration. Since the acceleration is established by the 

given earthquake, the greater the mass of the building, the greater the force acting on it. 

However, the acceleration of the building depends on another property of the structure- 

its natural period. 

If a building is deflected by a lateral force such as the wind or an earthquake, it moves 

from side to side. The period is the time in seconds it takes for a building to complete one 
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full side-to-side oscillation. The period is dependent on the mass and the stiffness of the 

building. 
 

In a theoretical, completely stiff building, there is no movement, and the natural period is 

zero. The acceleration of such an infinitely rigid building is the same as the ground. As 

the building becomes more flexible, its period increases and the corresponding 

acceleration decreases. As mentioned above, as the acceleration decreases, so does the 

force on the building. Therefore, flexible, long-period buildings have less lateral force 

induced, and stiff, short-period buildings have more lateral force induced. 

Natural periods vary from about 0.05 sec. for a piece of furniture such as a filing cabinet 

to about 0.1 sec. for a one-story building. 

 

 
Figure (2.18): Fundaments periods 
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A rule of thumb is that the building period equals the number of stories divided by 10. As 

the building moves, the forces applied to it are either transmitted through the structure to 

the foundation, absorbed by the building components, or released in other ways such as 

collapse of structural elements. 

The goal of seismic design is to build a structure that can safely transfer the loads to the 

foundation and back to the ground and absorb some of the energy present rather than 

suffering damage. 

The ability of a structure to absorb some of the energy is known as ductility, which 

occurs when the building deflects in the inelastic range without failing or collapsing. The 

elastic limit is the limit beyond which the structure sustains permanent deformation. The 

greater the ductility of a building, the greater is its capacity to absorb energy. 

Ductility varies with the material. Steel is a very ductile material because of its ability to 

deform under a load above the elastic limit without collapsing. Concrete and masonry, on 

the other hand, are brittle materials. When they are stressed beyond the elastic limit, they 

break suddenly and without warning. Concrete can be made more ductile with 

reinforcement, but at a higher cost. 
 

Resonance 

The ground vibrates at its natural period. The natural period of ground varies from about 

0.4 sec. to 2 sec. depending generally on the hardness of the ground. 

The terrible destruction in Mexico City in the earthquake of 1985 was primarily the result 

of response amplification caused by the coincidence of building and ground motion 

periods. Mexico City was some 400 km from the earthquake focus, and the earthquake 

caused the soft ground under downtown buildings to vibrate for over 90 seconds at its 

long natural period of around 2 seconds. This caused tall buildings around 20 stories tall 

to resonate at a similar period, greatly increasing the accelerations within them. This 

amplification in building vibration is undesirable. The possibility of it happening can be 
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reduced by trying to ensure that the building period will not coincide with that of the 

ground. Other buildings, of different heights and with different vibrational characteristics, 

were often found undamaged even though they were located right next to the damaged 20 

story buildings. Thus, on soft (long period) ground, it would be best to design a short stiff 

(short period) building. 
 

General Goals in Seismic-Resistant Design and Construction 

• If basic, well-understood principles are ignored and short cuts taken, disaster can 

occur. 

• Many tall buildings that survived major earthquakes show that adherence to these 

principles can produce structures out of which people can be sure of walking alive, 

even if some structural damage has occurred. 
 

The philosophy of earthquake design for structures other than essential facilities has 

been well established and proposed as follows. 

• To prevent non-structural damage in frequent minor ground shaking. 

• To prevent structural damage and minimize non-structural damage in occasional 

moderate ground shaking. 

• To avoid collapse or serious damage in rare major ground shaking. 
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Earthquake-Resistant Systems 
 

Structural Systems Defined: 

The International Building Code (IBC) earthquake provisions recognize these building 

structural systems:  

1- Bearing Wall Systems 

2- Building Frame Systems 

3- Moment Resisting Frame Systems 

4- Dual Systems 
 

1- Bearing wall systems consist of vertical load carrying walls located along exterior wall 

lines and at interior locations as necessary. Many of these bearing walls are also used to 

resist lateral forces and are then called shear walls. Bearing wall systems do not contain 

complete vertical load carrying space frames but may use some columns to support floor 

and roof vertical loads. 
 

2- Building frame systems use a complete three dimensional space frame to support 

vertical loads, but use either shear walls or braced frames to resist lateral forces.  

A building frame system with shear walls is shown in Figure (2.19). 

 
Figure (2.19) Building frame system 

3- Moment-resisting frame systems, shown in Figure (2.20), provide a complete space 

frame throughout the building to carry vertical loads, and they use some of those same 

frame elements to resist lateral forces. 
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Figure (2.20) Moment resisting frame system 

 

4. A dual system is a structural system in which an essentially complete frame provides 

support for gravity loads, and resistance to lateral loads is provided by a specially 

detailed moment-resisting frame and shear walls or braced frames. The moment-resisting 

frame must be capable of resisting at least 25 percent of the base shear, and the two 

systems must be designed to resist the total lateral load in proportion to their relative 

rigidities. 

This system, which provides good redundancy, is suitable for medium-to-high rise 

buildings where perimeter frames are used in conjunction with central shear wall core.  
 

Lateral-Force-Resisting Elements 

Lateral-force-resisting elements must be provided in every structure to brace it against 

wind and seismic forces. The three principal types of resisting elements are shear walls, 

braced frames, and moment- resisting frames. 
 

Shear Walls: 

A shear wall is a vertical structural element that resists lateral forces in the plane of the 

wall through shear and bending. Such a wall acts as a beam cantilevered out of the 

foundation, and, just as with a beam, part of its strength derives from its depth. Figure 

(2.21) shows two examples of a shear wall, one in a simple one-story building and 

another in a multistory building. 
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Figure (2.21) Shear walls 

In Figure (2.21.a), the shear walls are oriented in one direction, so only lateral forces in 

this direction can be resisted. The roof serves as the horizontal diaphragm and must also 

be designed to resist the lateral loads and transfer them to the shear walls. 

Figure (2.21.a) also shows an important aspect of shear walls in particular and vertical 

elements in general. This is the aspect of symmetry that has a bearing on whether 

torsional effects will be produced. The shear walls in Fig. (2.21.a) show the shear walls 

symmetrical in the plane of loading.  
 

Figure (2.21.b) illustrates a common use of shear walls at the interior of a multistory 

building. Because walls enclosing stairways, elevator shafts, and mechanical shafts are 

mostly solid and run the entire height of the building, they are often used for shear walls. 

Although not as efficient from a strictly structural point of view, interior shear walls do 

leave the exterior of the building open for windows. Notice that in Figure (2.21.b) there 

are shear walls in both directions, which is a more realistic situation because both wind 

and earthquake forces need to be resisted in both directions. In this diagram, the two 

shear walls are symmetrical in one direction, but the single shear wall produces a 
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nonsymmetrical condition in the other since it is off center. Shear walls do not need to be 

symmetrical in a building, but symmetry is preferred to avoid torsional effects. 

Shear walls, when used alone, are suitable for medium rise buildings up to 20 stories 

high. 

Shear walls may have openings in them, but the calculations are more difficult and their 

ability to resist lateral loads is reduced depending on the percentage of open area. 
 

What is a Shear Wall Building? 

Reinforced concrete buildings often have vertical plate-like RC walls called Shear Walls 

(Figure 2.22) in addition to slabs, beams and columns. These walls generally start at 

foundation level and are continuous throughout the building height. Their thickness can 

be as low as 150mm, or as high as 400mm in high rise buildings. Shear walls are usually 

provided along both length and width of buildings. Shear walls are like vertically-

oriented wide beams that carry earthquake loads downwards to the foundation. 

 

 
Figure (2.22): Reinforced concrete shear wall 

 

Advantages and Disadvantages of Shear Walls in Reinforced Concrete Buildings: 

Properly designed and detailed buildings with shear walls have shown very good 

performance in past earthquakes.  
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Shear walls in high seismic regions require special detailing. However, in past 

earthquakes, even buildings with sufficient amount of walls that were not specially 

detailed for seismic performance (but had enough well-distributed reinforcement) were 

saved from collapse. Shear wall buildings are a popular choice in many earthquake prone 

countries, like Chile, New Zealand and USA. Shear walls are easy to construct, because 

reinforcement detailing of walls is relatively straightforward and therefore easily 

implemented at site. Shear walls are efficient, both in terms of construction cost and 

effectiveness in minimizing earthquake damage in structural and nonstructural elements 

(like glass windows and building contents). On the other hand, shear walls present 

barriers, which may interfere with architectural and services requirement. Added to this, 

lateral load resistance in shear wall buildings is usually concentrated on a few walls 

rather than on large number of columns. 
 

Architectural Aspects of Shear Walls: 

Most RC buildings with shear walls also have columns; these columns primarily carry 

gravity loads (i.e., those due to self-weight and contents of building). Shear walls provide 

large strength and stiffness to buildings in the direction of their orientation, which 

significantly reduces lateral sway of the building and thereby reduces damage to structure 

and its contents. 

Since shear walls carry large horizontal earthquake forces, the overturning effects on 

them are large. Thus, design of their foundations requires special attention. Shear walls 

should be provided along preferably both length and width. However, if they are 

provided along only one direction, a proper grid of beams and columns in the vertical 

plane (called a moment-resistant frame) must be provided along the other direction to 

resist strong earthquake effects. 

Door or window openings can be provided in shear walls, but their size must be small to 

ensure least interruption to force flow through walls. Moreover, openings should be 
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symmetrically located. Special design checks are required to ensure that the net cross-

sectional area of a wall at an opening is sufficient to carry the horizontal earthquake 

force. 

Shear walls in buildings must be symmetrically located in plan to reduce ill effects of 

twist in buildings (Figure 2.23). They could be placed symmetrically along one or both 

directions in plan. Shear walls are more effective when located along exterior perimeter 

of the building – such a layout increases resistance of the building to twisting. 

 
Figure (2.23): Shear wall layout 

 

Ductile Design of Shear Walls: 

Just like reinforced concrete beams and columns, reinforced concrete shear walls also 

perform much better if designed to be ductile. Overall geometric proportions of the wall, 

types and amount of reinforcement, and connection with remaining elements in the 

building help in improving the ductility of walls.  
 

Overall Geometry of Walls: 

Shear walls are rectangular in cross-section, i.e., one dimension of the cross-section is 

much larger than the other. While rectangular cross-section is common, L- and U-shaped 

sections are also used (Figure 2.24). Thin-walled hollow reinforced concrete shafts 
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around the elevator core of buildings also act as shear walls, and should be taken 

advantage of to resist earthquake forces. 

 
Figure (3.6): Shear wall geometry 

Braced Frames: 

A braced frame is a truss system of the concentric or eccentric type in which the lateral 

forces are resisted through axial stresses in the members. Just as with a truss, the braced 

frame depends on diagonal members to provide a load path for lateral forces from each 

building element to the foundation. Figure (2.25.a) shows a simple one-story braced 

frame. This building is only braced in one direction and uses compression braces because 

the diagonal member may be either in tension or compression, depending on which way 

the force is applied. 
 

Figure (2.25.b) shows two methods of bracing a multistory building. A single diagonal 

compression member in one bay can be used to brace against lateral loads coming from 

either direction. Alternately, tension diagonals can be used to accomplish the same result, 

but they must be run both ways to account for the load coming from either direction. 

Braced framing can be placed on the exterior or interior of a building, and may be placed 

in one structural bay or several. Obviously, a braced frame can present design problems 

for windows and doorways, but it is a very efficient and rigid lateral force resisting 

system. 
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Figure (2.25): Braced frames 

 

Moment-Resisting Frames: 

Moment-resisting frames carry lateral loads primarily by flexure in the members and 

joints. Joints are designed and constructed so they are theoretically completely rigid, and 

therefore any lateral deflection of the frame occurs from the bending of columns and 

beams. They are used in low-to-medium rise buildings. 

The IBC differentiates between three types of moment resisting frames. The first type is 

the special moment-resisting frame that must be specifically detailed to provide ductile 

behavior and comply with the provisions of the IBC. The second type is the intermediate 

moment-resisting frame, which is a concrete frame with less restrictive requirements than 

special moment-resisting frames. However, intermediate frames cannot be used in 

seismic zones 3 or 4. The third type is the ordinary moment-resisting frame. This 

concrete moment-resisting frame does not meet the special detailing requirements for 

ductile behavior.  

Ordinary concrete frames cannot be used in zones 3 or 4. 

Moment-resisting frames are more flexible than shear wall structures or braced frames; 

the horizontal deflection, or drift, is greater, and thus non-structural elements become 
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more problematic. Adjacent buildings cannot be located too close to each other, and 

special attention must be paid to the eccentricity developed in columns, which increases 

the column bending stresses. 

Two types of moment-resisting frames are shown in Figure (2.26) 

 
Figure (2.26) Moment resisting frames 

 

Advantages: 

- Provide a potentially high-ductile system with a good degree of redundancy, which 

can allow freedom in architectural planning of internal spaces and external 

cladding. 

- Their flexibility and associated long period may serve to detune the structure from 

the forcing motions on stiff soil or rock sites. 
 

Disadvantages: 

- Poorly designed, moment resisting frames have been observed to fail 

catastrophically in earthquakes, mainly by formation of weak stories and failures 

around beam-column joints. 
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- Beam column joints represent an area of high stress concentration, which needs 

considerable skill to design successfully. 

- Requires good fixing skills and concreting. 

Horizontal Elements (Diaphragms): 

In all lateral force-resisting systems, there must be a way to transmit lateral forces to the 

vertical resisting elements. This is done with several types of structures, but the most 

common way used is the diaphragm.  

A diaphragm acts as a horizontal beam resisting forces with shear and bending action. 

There are two types of diaphragms: flexible and rigid. 

Although no horizontal element is completely flexible or rigid, distinction is made 

between the two types because the type affects the way in which lateral forces are 

distributed. 

A flexible diaphragm is one that has a maximum lateral deformation more than two times 

the average story drift of that story. This deformation can be determined by comparing 

the midpoint in-plane deflection of the diaphragm with the story drift of the adjoining 

vertical resisting elements under equivalent tributary load. The lateral load is distributed 

according to tributary areas as shown in Figure (2.27.a). 

With a rigid diaphragm, the shear forces transmitted from the diaphragm to the vertical 

elements will be in proportion to the relative stiffness of the vertical elements (assuming 

there is no torsion), as shown in Fig, (2.27.b). If the end walls in the diagram are twice as 

stiff as the interior walls, then one-third of the load is distributed to each end wall and 

one-third to the two interior walls, which is equally divided between these two. 

The illustration shows symmetrically placed shear walls, so the distribution is equal. 

However, if the vertical resisting elements are asymmetric, the shearing forces are 

unequal. 
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Concrete floors are considered rigid diaphragms, as are steel and concrete composite 

deck construction. Steel decks may be either flexible or rigid, depending on the details of 

their construction. Wood decks are considered flexible diaphragms. 

 
Figure (2.27): Diaphragm load distribution 

Load Path: 

The structure shall contain one complete load path for Life Safety for seismic force 

effects from any horizontal direction that serves to transfer the inertial forces from the 

mass to the foundation. 
 

There must be a complete lateral-force-resisting system that forms a continuous load path 

between the foundation, all diaphragm levels, and all portions of the building for proper 

seismic performance. 
 

The general load path is as follows: seismic forces originating throughout the building are 

delivered through structural connections to horizontal diaphragms; the diaphragms 

distribute these forces to vertical lateral-force-resisting elements such as shear walls and 
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frames; the vertical elements transfer the forces into the foundation; and the foundation 

transfers the forces into the supporting soil. 

If there is a discontinuity in the load path, the building is unable to resist seismic forces 

regardless of the strength of the existing elements. Mitigation with elements or 

connections needed to complete the load path is necessary to achieve the selected 

performance level. The design professional should be watchful for gaps in the load path. 

Examples would include a shear wall that does not extend to the foundation, a missing 

shear transfer connection between a diaphragm and vertical element, a discontinuous 

chord at a diaphragm notch, or a missing collector. 

In cases where there is a structural discontinuity, a load path may exist but it may be a 

very undesirable one. At a discontinuous shear walls, for example, the diaphragm may 

transfer the forces to frames not intended to be part of the lateral-force-resisting system. 

While not ideal, it may be possible to show that the load path is acceptable. 

Primary Load-Path Elements: 

Within every building, there are multiple elements that are used to transmit and resist 

lateral forces. These transmitting and resisting elements define the building’s lateral-load 

path. This path extends from the uppermost roof or parapet, through each element and 

connection, to the foundation.  

An appreciation of the critical importance of a complete load path is essential for 

everyone involved in the design, construction, and inspection of buildings that must resist 

earthquakes. 
 

There are two orientations of primary elements in the load path: those that are vertical, 

such as shear walls, braced frames, and moment frames, and those that are essentially 

horizontal, such as the roof, floors, and foundation.  
 

The roof and floor elements are known as diaphragms. Diaphragms serve primarily as 

force-transmitting or force-distributing elements that take horizontal forces from the 
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stories at and above their level and deliver them to walls or frames in the story 

immediately below.  

Shear walls and frames are primarily lateral force- resisting elements but can also 

perform force-transmitting functions. For example and while not necessarily desirable, an 

upper-story interior shear wall may not continue to the base of the building and therefore 

must transmit its forces to a floor diaphragm. Also, at the base of a frame or a shear wall, 

forces are transmitted into a foundation element. The primary structural elements that 

participate in the earthquake load path are shown in Figure (2.28). 

 
Figure (2.28): Primary structural load path elements 

Foundations form the final link in the load path by collecting the base shear and 

transmitting it to the ground. Foundations resist lateral forces through a combination of 

frictional resistance along their lower surface and lateral bearing against the depth of soil 

in which they are embedded. 

Foundations must also support additional vertical loads caused by the overturning forces 

from shear walls and frame columns. 
 

Secondary Load-Path Elements: 

Within the primary load-path elements, there are individual secondary elements needed to 

resist specific forces or to provide specific pathways along which lateral forces are 
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transmitted. Particular attention must be given to transmitting forces between horizontal 

seismic elements (diaphragms) and vertical seismic elements. Two important secondary 

elements are chords and collectors. A chord is a structural member along the boundary of 

a diaphragm that resists tension and compression forces. A collector is a structural 

member that transmits diaphragm forces into shear walls or frames. Figure (2.29) depicts 

the overall function of chords and collectors. 

 
Figure (2.29): Function of diagram chords and collectors 

In the case of floors and roofs, the perimeter edges or boundaries are critical locations 

because they form the interface between the diaphragms and the perimeter walls. The 

perimeter is typically the location for vertical seismic elements, although many buildings 

also have shear walls or frames at interior locations. An interior line of resistance also 

creates a diaphragm boundary.  

Boundary elements in diaphragms usually serve as both chords and collectors, depending 

on the axis along which lateral loads are considered to be applied. 

As shown in Figure (2.30), the forces acting perpendicular to the boundary elements tend 

to bend the diaphragm and the chord member must resist the associated tension and 

compression. Similar to a uniformly loaded beam, a diaphragm experiences the greatest 

bending stress and largest deflection at or near the center of its span between vertical 

resisting seismic elements. The chord on the side of the diaphragm along which the 

forces are being applied is in compression, and the chord on the opposite side is in 
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tension. These tension and compression forces reverse when the earthquake forces 

reverse. Therefore, each chord must be designed for both tension and compression. 
 

In concrete walls, reinforcing steel is placed at the diaphragm level to resist the out-of-

plane bending in the wall. Collectors are needed when an individual shear wall or frame 

in the story immediately below the diaphragm is not continuous along the diaphragm 

boundary (See Figure 2.30). This is a very common situation because shear walls are 

often interrupted by openings for windows and doors, and because resisting frames are 

normally located in only a few of the frame bays along a diaphragm boundary. A path 

must be provided to collect the lateral forces from portions of a diaphragm located between 

 
Figure (2.30): Use of collector element at interior shear wall 

vertical resisting seismic elements and to deliver those forces to each individual shear 

wall or frame. The collector member provides that path. Collectors are commonly called 

drag struts or ties. Collectors are also needed when an interior shear wall or frame is 

provided. In this case, the collector is placed in the diaphragm, aligned with the wall or 

frame, and extends to the diaphragm edges beyond each end of the wall or frame. 

Collectors can occur in spandrel beams, of concrete, that link sections of shear walls 

together. 
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The following statements contained in the 2012 IBC clearly require that a complete load 

path be provided throughout a building to resist lateral forces. “All parts of a structure 

shall be interconnected and connections shall be capable of transmitting the seismic force 

induced by the parts being connected.” 

“Any system or method of construction shall be based on a rational analysis. Such 

analysis shall result in a system that provides a complete load path capable of transferring 

all loads and forces from their point of origin to the load-resisting elements.” 

To fulfill these requirements, connections must be provided between every element in the 

load path. When a building is shaken by an earthquake, every connection in the lateral-

force load path is tested. If one or more connections fail because they were not properly 

designed or constructed, those remaining in parallel paths receive additional force, which 

may cause them to become overstressed and to fail. If this progression of individual 

connection failures continues, it can result in the failure of a complete resisting seismic 

element and, potentially, the entire lateral-force-resisting system. Consequently, 

connections are essential for providing adequate resistance to earthquakes and must be 

given special attention by both designers. 

Connections are details of construction that perform the work of force transfer between 

the individual primary and secondary structural elements discussed above. They include a 

vast array of materials, products, and methods of construction. 

In concrete construction, diaphragm-reinforcing steel resists forces in the diaphragm and 

chord tension stresses, and reinforcing dowels are generally used to transfer forces from 

the diaphragm boundaries to concrete walls or frames. 
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Evolution of UBC and IBC Static Lateral Force Procedure  
 

Introduction: 
A model building code is a document containing standardized building requirements 

applicable throughout the United States. Model building codes set up minimum 

requirements for building design and construction with a primary goal of assuring public 

safety and a secondary goal of minimizing property damage and maintaining function 

during and following an earthquake. Since the risk of severe seismic ground motion 

varies from place to place, seismic code provisions vary depending on location. 

The three model building codes in the United States were: the Uniform Building Code 

(predominant in the west), the Standard Building Code (predominant in the southeast), 

and the BOCA National Building Code (predominant in the northeast), were initiated 

between 1927 and 1950. 

The US Uniform Building Code was the most widely used seismic code in the world, 

with its last edition published in 1997. Up to the year 2000, seismic design in the United 

States has been based on one these three model building codes. Representatives from the 

three model codes formed the International Code Council (ICC) in 1994, and in April 

2000, the ICC published the first edition of the International Building Code, IBC-2000. In 

2003, 2006, 2009 and 2012 the second, third, fourth and fifth editions of the IBC 

followed suit. The IBC was intended to, and has been replacing the three independent 

codes throughout the United States. 

 
Initiation of The Equivalent Static Lateral Force Method 
 

The work done after the 1908 Reggio-Messina Earthquake in Sicily by a committee of 

nine practicing engineers and five engineering professors appointed by the Italian 

government may be the origin of the equivalent static lateral force method, in which a 

seismic coefficient is applied to the mass of the structure, or various coefficients at 

different levels, to produce the lateral force that is approximately equivalent in effect to 
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the dynamic loading of the expected earthquake. The Japanese engineer Toshikata Sano 

independently developed in 1915 the idea of a lateral design force V proportional to the 

building’s weight W. This relationship can be written as WCF ′= , where C is a lateral 

force coefficient, expressed as some percentage of gravity. The first official 

implementation of Sano’s criterion was the specification C′  =  10 percent of gravity, 

issued as a part of the 1924 Japanese Urban Building Law Enforcement Regulations in 

response to the destruction caused by the great 1923 Kanto earthquake. In California, the 

Santa Barbara earthquake of 1925 motivated several communities to adopt codes with C′  

as high as 20 percent of gravity. 

 
Evolution of The Equivalent Static Lateral Force Method 
 
The equivalent lateral seismic force on a structures V was firstly taken as a percentage of 

the building weight, as stated above. Secondly it was based on the seismic zone factor, 

building period, building weight and system type. Thirdly, it was based on site specific 

ground motion maps, building period, importance factors, soil site factors and building 

response modification factors, as shown in Table (1). The first edition of the U.S. 

Uniform Building Code (UBC) was published in 1927 by the Pacific Coast building 

Officials (PCBO), contained an optional seismic appendix, also adopted Sano’s criterion, 

allowing for variations in C′  depending on the region and foundation material. For 

building foundations on soft soil in earthquake-prone regions, the UBC’s optional 

provisions corresponded to a lateral force coefficient equal to the Japanese value. For 

buildings on hard ground, the lateral force coefficient is 7.5 percent. 

While not the most advanced analytical technique, the equivalent static lateral force 

analysis method has been and will remain for some considerable time the most often used 

lateral force analysis method. 
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The 1937 UBC stipulated a lateral force coefficient, which is dependent on soil 

conditions , applied not only to dead loads but also to 50 % of the live load.  

The 1943 UBC introduced a lateral force coefficient in terms of number of stories and 

limited this number to 13. In subsequent code editions the equation was modified for 

number of stories in excess of 13. 

UBC 1949 edition contained the first USA seismic hazard map, which was published in 

1948 by US Coast and Geodetic Survey and was adopted in 1949 by UBC, as well as 

subsequent editions until 1970. 

The seismic design provisions remained in an appendix to the UBC until the publication 

of the 1961 UBC. 

The 1961 UBC Code introduced the use of four factors to categorize building system 

types. The 1970 UBC used a zoning map which divided the United States into four zones 

numbered 0 through 3. The 1973 UBC contained many modern enhancements including 

the V = ZKCW equation for seismic design, which was revised in the aftermath of San 

Fernando earthquake. Also, UBC 1973 introduced the impact of irregular parameters in 

estimating the seismic force levels. 

The concept of soil factor was first acknowledged by recognizing the importance of local 

site effects in the 1976 edition of UBC. In addition to this, UBC 1976 Added zone 4 to 

California, and included new seismic provisions especially those related to the 

importance of local site effects. The lateral force structural factor, wR was increased to take 

advantage of ductility of lateral force resisting systems.  

The 1985 UBC used a Z factor that was roughly indicative of the peak acceleration on 

rock corresponding to a 475-year return period earthquake. 

The 1988 UBC introduced the use of twenty- nine response modification factors plus 

three additional for inverted pendulum systems. Also, the base shear equation was 

changed from the 1985 UBC edition, and six seismic risk zones 0, 1, 2a, 2b, 3 and 4 are 

used. 
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Until 1997 edition of UBC, seismic provisions have been based on allowable stress 

design. In UBC 1997 revised base shear and based it on ultimate strength design. Added 

to this, a new set of seismic-zone dependent soil profile categories AS  through FS  , has 

been adopted and replaced the four site coefficients 1S  to 4S of the UBC 1994, which are 

independent of the level of ground shaking. Also, old wR  factor has been replaced by a 

new R factor, which is based on strength design, and two new structural system 

classifications were introduced: cantilevered column systems and shear wall-frame 

interaction systems. 

Moreover, the 1997 edition of UBC included a reliability factor for redundant lateral 

force systems, and the earthquake load (E) is a function of both the horizontal and 

vertical components of the ground motion. 

In response to an appeal for more unified design procedures across regional boundaries, 

the International Building Code was developed and the first edition introduced in 2000. 

Subsequent IBC code editions were introduced in 2003, 2006, 2009 and 2012. The 2000 

IBC has established the concept of Seismic Design Category (SDC), which is based on 

the location, the building use and the soil type, as the determinant for seismic detailing 

requirement. One of the most significant improvements in the 2000 IBC over the 1997 

UBC is the ground parameters used for seismic design. In 2000 IBC, the 1997 UBC 

seismic zones were replaced by contour maps giving MCE spectral response 

accelerations at short period and 1-second for class B soil. The IBC Code versions 2000, 

2003, 2006, 2009 and 2012 reference to ASCE 7-05 and ASCE 7-10, contain up-to-date 

seismic provisions, including eighty-three building system response modification factors.  
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Table (1): Development of seismic base shear formulas based on UBC and IBC 

codes 
UBC/IBC Code  Editions Lateral Force  Specific Notes 
UBC 1927- UBC 1946 WCF ′=  - Seismic design provisions included 

in an appendix, for optional use. 
- C′ , which is dependent on soil 

bearing capacity, is in % of weight. 
UBC 1949- UBC 1958 WCF ′=  - C′  is dependent on number of 

stories. 
- First USA seismic hazard map 

included. 
UBC 1961- UBC 1973 WCKZV =  - Seismic design provisions moved to 

the main body of the code. 
- Seismic zones introduced. 
- Lateral force system structural 

factors included. 
- Fundamental period of vibration 

included. 
UBC 1976- UBC 1979 WSCKIZV =  - Seismic zone 4 introduced. 

- Soil profiles introduced. 
- Building importance factors 

included. 
UBC 1982- UBC 1985 WSCKIZV =  - Soil profiles expanded. 
UBC 1988- UBC 1994 

wRWCIZV /=  - Soil profiles expanded. 
- Seismic zones modified. 

UBC 1997 TRWICV v /=  - Soil profiles expanded, and 
dependent on soil dynamics. 

- System redundancy factor 
introduced. 

- Additional structural systems 
introduced. 

- Vertical component of ground 
shaking included. 

- Seismic provisions are based on 
strength-level design. 

IBC- 2000- IBC-2012 WCV s=  - Spectral accelerations introduced. 
- Safety concept redefined. 

- Seismic design categories, SDC 
introduced. 

- System response modification factors 
expanded. 
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Seismic Code Provisions Are Based On Earthquake Historical Data 
The equations used to determine Seismic Design Forces throughout the United States as 

well as the rest of the world are based on historical data that has been collected during 

past earthquakes.  

The 1925 Santa Barbara earthquake led to the first introduction of simple Newtonian 

concepts in the 1927 Uniform Building Code. As the level of knowledge and data 

collected increases, these equations are modified to better represent these forces.  

In response to the 1985 Mexico City earthquake, a fourth soil profile type, 4S , for very 

deep soft soils was added to the 1988 UBC, with the factor 4S  equal to 2.0. 

The heavily instrumented San Francisco (1989-Loma Prieta) and Las Angeles (1994-

Northridge) earthquakes increased this knowledge dramatically. 

The 1994 Northridge Earthquake resulted in addition of near-fault factor to base shear 

equation, and prohibition on highly irregular structures in near fault regions. Also, 

redundancy factor added to design forces.  

The 1997 UBC incorporated a number of important lessons learned from the 1994 

Northridge and the 1995 Kobe earthquake, where four site coefficients use in the earlier 

1994 UBC has been extended to six soil profiles, which are determined by shear wave 

velocity, standard penetration test, and undrained shear strength. 

 
Safety Concepts 
Structures designed in accordance with the IBC provisions should generally be able to: 

1. Resist minor earthquakes without damage. 

2. Resist moderate earthquakes without structural damage, but possibly some 

nonstructural damage. 

3. Resist major earthquakes without collapse, but possibly some structural and 

nonstructural damage. 
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The code is intended to safeguard against major failures and loss of life; the protection of 

property is not its purpose. While it is believed that the code provides reasonably for 

protection of life, even that cannot be completely assured. 

The UBC intended that structures be designed for “life-safety” in the event of an 

earthquake with a 10-percent probability of being exceeded in 50 years (475-year return 

period). The IBC intends design for “collapse prevention” in a much larger earthquake, 

with a 2-percent probability of being exceeded in 50 years (2,475-year return period).  

Detailing Requirements of ACI 318-14: 

Based on R5.2.2, for UBC 1991 through 1997, Seismic Zones 0 and 1 are classified as 

classified as zones of low seismic risk. Thus, provisions of chapters 1 through 27 with the 

exception of chapter 18 are considered sufficient for structures located in these zones.  

Seismic Zone 2 is classified as a zone of moderate seismic risk, and zones 3 and 4 are 

classified as zones of high seismic risk. Structures located in these zones are to be 

detailed as per chapter 18 of ACI 318-14, see Table R.5.2.2. 

 



70 
 

For Seismic Design Category A of IBC 2000 through 2012, detailing is done according to 

provisions of chapters 1 through 27 with the exception of chapter 18. Seismic Design 

Categories B, C, D, E and F are detailed as per the provisions of chapter 18, as shown in 

Table R18.2 of ACI 318-14.  
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Architectural and Structural Considerations 
 

Building Configuration: 
 

In recent years, there has been increased emphasis on the importance of a building’s 

configuration in resisting seismic forces. Early decisions concerning size, shape, 

arrangement, and location of major elements can have a significant influence on the 

performance of a structure. Since the design professional plays a large role in these early 

decisions, it is imperative that the architect thoroughly understand the concepts involved. 
 

Building configuration refers to the overall building size and shape and the size and 

arrangement of the primary structural frame, as well as the size and location of the 

nonstructural components of the building that may aspect its structural performance. 

Significant nonstructural components include such things as heavy nonbearing partitions, 

exterior cladding and large weights like equipment or swimming pools. 
 

In the current IBC, elements that constitute both horizontal and vertical irregularities are 

specifically defined, so it is clear which structures must be designed with the dynamic 

method and which structures may be designed using the static analysis method. The code 

states that all buildings must be classified as either regular or irregular. Whether a 

building is regular or not helps determine if the static method may be used. Irregular 

structures generally require design by the dynamic method, and additional detailed design 

requirements are imposed depending on what type of irregularity exists. 
 

The following sections describe some of the important aspects of building configuration. 

 

• Torsion 
 

Lateral forces on a portion of a building are assumed to be uniformly distributed and can 

be resolved into a single line of action acting on a building. In a similar way, the shear 
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reaction forces produced by the vertical resisting elements can be resolved into a single 

line of action. For symmetric buildings with vertical resisting elements of equal rigidity, 

these lines of action pass through the same point. 
 

If the shear walls or other vertical elements are not symmetric or are of unequal rigidity, 

the resultant of their shear resisting forces, the center of rigidity, does not coincide with 

the applied lateral force. Since the forces are acting in opposite directions with an 

eccentricity, torsion force is developed (Figures 2.8 and 2.9). 

 
Figure (2.8) Development of torsion 

 

The IBC requires that even in symmetrical buildings a certain amount of accidental 

torsion be planned for. This accounts for the fact that the position of loads in an occupied 

building cannot be known for certain. The code requires that the mass at each level is 

assumed to be displaced from the calculated center of mass in each direction by a 
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distance equal to 5 percent of the building dimension at that level perpendicular to the 

direction of the force under consideration.  

 

 
 

 
 

 

 

 

Figure (2.9): Torsion’s analogous simplification 
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The importance of understanding the concept of torsion will become apparent in the 

following sections. 
 

• Plan Shape & Dimensions: 

Irregularities in plan shape can create torsion and concentrations of stress, both of which 

should be avoided whenever possible. One of the most common and troublesome plan 

shapes is the re-entrant corner.  
 

During an earthquake, the ground motion causes the structure to move in such a way that 

stress concentrations are developed at the inside corners. In addition, since the center of 

mass and the center of rigidity do not coincide, there is an eccentricity established that 

results in a twisting of the entire structure as discussed in the previous section. 
 

Of course, building shape is often dictated by the site, the program, or other requirements 

beyond the control of the architect or engineer. In the cases where such shapes are 

unavoidable, there are ways to minimize the problem. The portions of the building can be 

separated with a seismic joint, they can be tied together across the connection, or the 

inside corner can be splayed (Figures 2.10 and 2.11). 

 

 
Figure (2.10): Problem plan shapes 
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A second common problem that arises with building plans is a variation in the stiffness 

and strength of the perimeter.  

 
Figure (2.11): Solution to re-entrant corners 

 
Figure (2.12): Variation in perimeter stiffness 
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Even though a building may be symmetric, the distribution of mass and lateral resisting 

elements may place the centers of mass and rigidity in such a way that torsion is 

developed.  
 

During an earthquake, the open end of the building acts as a cantilevered beam causing 

lateral displacement and torsion. There are four possible ways to alleviate the problem. In 

the first instance, a rigid frame can be constructed with symmetric rigidity and then the 

cladding can be made nonstructural. Secondly, a strong, moment-resisting or braced 

frame can be added that has stiffness similar to the other walls. Third, shear walls can be 

added to the front if this does not compromise the function of the building. Finally, for 

small buildings, the structure can simply be designed to resist the expected torsion forces. 
 

The ratio of plan dimensions should not be inordinately large to prevent different types of 

forces acting on different plan sections. If this cannot be achieved, then seismic joint 

should be provided in such a building. 
 

C. Elevation Design 

The ideal elevation from a seismic design standpoint is one that is regular, symmetrical, 

continuous, and that matches the other elevations in configuration and seismic resistance. 

Setbacks and offsets should be avoided for the same reason as re-entrant corners in plan 

should be avoided; that is, to avoid areas of stress concentration. Of course, perfect 

symmetry is not always possible due to the functional and aesthetic requirements of the 

building, but there are two basic configurations that should (and can) be avoided by the 

architect early in the design process. 

 

The first problem configuration is a discontinuous shear wall. This is a major mistake and 

should never happen. Discontinuities can occur when large openings are placed in shear 

walls, when they are stopped short of the foundation, or when they are altered in some 
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other way. Since the entire purpose of a shear wall is to carry lateral loads to the 

foundation and act as a beam cantilevered out of the foundation, any interruption of this 

is counterproductive. Of course, small openings like doors and small windows can be 

placed in shear walls if proper reinforcement is provided. 
 

Two common examples of discontinuous shear walls are shown. In the first, the shear 

wall is stopped at the second floor level and supported by columns. This is often done to 

open up the first floor, but it creates a situation where stress concentrations are so great 

that even extra reinforcing cannot always resist the build-up of stress (Figure 2.13). 

 
Figure (2.13): Discontinuous shear walls 

 

The second example is also a common design feature where the second floor and floors 

above are cantilevered slightly from the first floor shear wall. Even though the shear wall 

continues, the offset also creates an undesirable situation because the direct load path for 

the lateral loads is interrupted, and the floor structure has to carry the transfer of forces 

from one shear wall to the next. 

In all cases of discontinuous shear walls, the solution is simple: shear walls should run 

continuously to the foundation. 
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Another serious problem with building configuration is the soft story. This occurs when 

the ground floor is weaker than the floors above. Although a soft story can occur at any 

floor, it is most serious at grade level because this is where the lateral loads are the 

greatest. The discontinuous shear wall discussed in the previous section is a special case 

of the soft story. Others can occur when all columns do not extend to the ground or when 

the first story is high compared with the other floors of the structure (Figure 2.14).  

 
Figure (2.14): Soft first stories 

 

A soft story can also be created when there is heavy exterior cladding above the first 

story and the ground level is open. Of course, there are usually valid reasons for all of 

these situations to occur. For example, a hotel may need a high first story, but shorter 

floors above for the guest rooms. 
 

When earthquake loads occur, the forces and deformations are concentrated at the weak 

floor instead of being uniformly distributed among all the floors and structural members. 
 

There are several ways to solve the problem of a soft story. The first, of course, is to 

eliminate it and try to work the architectural solution around the extra columns or lower 
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height. If height is critical, extra columns can be added at the first floor. Another solution 

is to add extra horizontal and diagonal bracing. Finally, the framing of the upper stories 

can be made the same as the first story. The entire structure then has a uniform stiffness. 

Lighter, intermediate floors can be added above the first between the larger bays so they 

do not aspect the behavior of the primary structural system. 
 

Lightweight Construction: 

The greater the structural mass, the greater the seismic forces. In contrast to wind design, 

seismic design calls for lighter construction with a high strength-to-weight ratio to 

minimize the internal forces. 
 

Ductility: 

The ductility of the structure can be considered as a measure of its ability to sustain large 

deformations without endangering its load-carrying capacity. Therefore, in addition to 

seismic strength, the ductility of the structure should be given serious consideration. 

• The required ductility can be achieved by proper choice of framing and connection 

details. 

• Ductility is improved by limiting the ratio of reinforcement on the tension side of 

beams. 

• Using compression reinforcement in beams enhances ductility. 

• Using adequate shear reinforcement enhances ductility. 

• Provision of spiral reinforcement or closely spaced ties improved ductility. 
 

Adequate Foundations: 

Differential settlement of buildings is to be minimized through proper design of footings. 

Earthquake oscillations can cause liquefaction of loose soils, resulting in an uneven 

settlement. Stabilization of the soil prior to building construction and the use of deep 

footings are some remedial measures needed to overcome such a problem. 
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Short Column Effects: 

Frequently a column is shortened by elements, which have not been taken into account in 

design, such as the partial-height infill walls. This creates very large shear forces due to 

the short length of the column when subjected to very large bending moments. Even if 

very strong stirrups are used it is difficult to save such columns, therefore such collapses 

have been frequent. The only possible solution is to use different structural concept; 

eliminating such partial heights of infill walls. The shear force is given by the following 

relation V = 2 M (plastic) / L (Figure 2.15). 

 
Figure (2.15): Failure due to short column effect 

 

Separation of Structures: 

The mutual hammering received by buildings in close proximity of one another has 

caused significant damage. The simplest method of preventing damage is to provide 

sufficient clearance so that the free motion of the two structures can occur. 
 

Joints and Connections: 
 

Joints are often the weakest link in a structural system. It is necessary to provide strong 

horizontal confining reinforcement within the joint zone. Joints in reinforced concrete 

frames are often responsible for collapses in earthquakes. 
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Inadequate Shear Strength: 

To enhance shear capacity one should first use suitable amount of stirrups and ties to 

prevent the brittle type of failure associated with shear. Diagonal reinforcement is 

recommended for deep members to resist diagonal tension. 
 

Materials and Workmanship: 

It is obvious that no design can save the structure if bad materials are used or if 

workmanship is not good. The best available quality design codes are deemed useless 

unless quality control is kept starting from the design process and ending up with the site 

execution.  
 

Bond, Anchorage, and Splices: 

Bond, when effectively developed, enables the concrete and reinforcement to form a 

composite structure. If the area of concrete surrounding the bar is small, splitting is the 

common mode of failure. One should avoid splices and anchorage at the location where 

the surrounding concrete is extensively cracked (i.e., plastic hinges). 
 

Detailing of Structural Elements: 

Closely spaced stirrups and ties are used in columns and walls, to hold the reinforcement 

in place and to prevent buckling of longitudinal bars. Closely spaced stirrups and ties are 

used in potential hinge regions of beams, to ensure strength retention during cyclic 

loading. Detailing of special transverse steel through beam-column joints in ductile 

frames to maintain the integrity of the joints during adjacent beam hinge plastic 

deformation is required. 
 

Detailing of Non-Structural Elements: 

The tendency of non-structural elements to be damaged, as the building sways need to be 

addressed. To overcome such problems, either separation is kept between structural and 
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non-structural members, or the forces resulting from the attachment of structural elements 

need to be taken into consideration. 
 

The Effect of Earthquakes on Buildings 

When an earthquake occurs, the first response of a building is not to move at all due to 

the inertia of the structure mass. Almost instantaneously, however, the acceleration of the 

ground causes the building to move sideways at the base causing a lateral load on the 

building and a shear force at the base, as though forces were being applied in the opposite 

direction. As the direction of the acceleration changes, the building begins to vibrate back 

and forth. 

 
Figure (2.16): Building motion during an earthquake 

 

Theoretically, the force on the building can be found by using Newton’s law, which states 

that force equals mass times acceleration. Since the acceleration is established by the 

given earthquake, the greater the mass of the building, the greater the force acting on it. 

However, the acceleration of the building depends on another property of the structure- 

its natural period. 

If a building is deflected by a lateral force such as the wind or an earthquake, it moves 

from side to side. The period is the time in seconds it takes for a building to complete one 
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full side-to-side oscillation. The period is dependent on the mass and the stiffness of the 

building. 
 

In a theoretical, completely stiff building, there is no movement, and the natural period is 

zero. The acceleration of such an infinitely rigid building is the same as the ground. As 

the building becomes more flexible, its period increases and the corresponding 

acceleration decreases. As mentioned above, as the acceleration decreases, so does the 

force on the building. Therefore, flexible, long-period buildings have less lateral force 

induced, and stiff, short-period buildings have more lateral force induced. 

Natural periods vary from about 0.05 sec. for a piece of furniture such as a filing cabinet 

to about 0.1 sec. for a one-story building. 

 

 
Figure (2.18): Fundaments periods 
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A rule of thumb is that the building period equals the number of stories divided by 10. As 

the building moves, the forces applied to it are either transmitted through the structure to 

the foundation, absorbed by the building components, or released in other ways such as 

collapse of structural elements. 

The goal of seismic design is to build a structure that can safely transfer the loads to the 

foundation and back to the ground and absorb some of the energy present rather than 

suffering damage. 

The ability of a structure to absorb some of the energy is known as ductility, which 

occurs when the building deflects in the inelastic range without failing or collapsing. The 

elastic limit is the limit beyond which the structure sustains permanent deformation. The 

greater the ductility of a building, the greater is its capacity to absorb energy. 

Ductility varies with the material. Steel is a very ductile material because of its ability to 

deform under a load above the elastic limit without collapsing. Concrete and masonry, on 

the other hand, are brittle materials. When they are stressed beyond the elastic limit, they 

break suddenly and without warning. Concrete can be made more ductile with 

reinforcement, but at a higher cost. 
 

Resonance 

The ground vibrates at its natural period. The natural period of ground varies from about 

0.4 sec. to 2 sec. depending generally on the hardness of the ground. 

The terrible destruction in Mexico City in the earthquake of 1985 was primarily the result 

of response amplification caused by the coincidence of building and ground motion 

periods. Mexico City was some 400 km from the earthquake focus, and the earthquake 

caused the soft ground under downtown buildings to vibrate for over 90 seconds at its 

long natural period of around 2 seconds. This caused tall buildings around 20 stories tall 

to resonate at a similar period, greatly increasing the accelerations within them. This 

amplification in building vibration is undesirable. The possibility of it happening can be 
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reduced by trying to ensure that the building period will not coincide with that of the 

ground. Other buildings, of different heights and with different vibrational characteristics, 

were often found undamaged even though they were located right next to the damaged 20 

story buildings. Thus, on soft (long period) ground, it would be best to design a short stiff 

(short period) building. 
 

General Goals in Seismic-Resistant Design and Construction 

• If basic, well-understood principles are ignored and short cuts taken, disaster can 

occur. 

• Many tall buildings that survived major earthquakes show that adherence to these 

principles can produce structures out of which people can be sure of walking alive, 

even if some structural damage has occurred. 
 

The philosophy of earthquake design for structures other than essential facilities has 

been well established and proposed as follows. 

• To prevent non-structural damage in frequent minor ground shaking. 

• To prevent structural damage and minimize non-structural damage in occasional 

moderate ground shaking. 

• To avoid collapse or serious damage in rare major ground shaking. 
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Earthquake-Resistant Systems 
 

Structural Systems Defined: 

The International Building Code (IBC) earthquake provisions recognize these building 

structural systems:  

1- Bearing Wall Systems 

2- Building Frame Systems 

3- Moment Resisting Frame Systems 

4- Dual Systems 
 

1- Bearing wall systems consist of vertical load carrying walls located along exterior wall 

lines and at interior locations as necessary. Many of these bearing walls are also used to 

resist lateral forces and are then called shear walls. Bearing wall systems do not contain 

complete vertical load carrying space frames but may use some columns to support floor 

and roof vertical loads. 
 

2- Building frame systems use a complete three dimensional space frame to support 

vertical loads, but use either shear walls or braced frames to resist lateral forces.  

A building frame system with shear walls is shown in Figure (2.19). 

 
Figure (2.19) Building frame system 

3- Moment-resisting frame systems, shown in Figure (2.20), provide a complete space 

frame throughout the building to carry vertical loads, and they use some of those same 

frame elements to resist lateral forces. 
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Figure (2.20) Moment resisting frame system 

 

4. A dual system is a structural system in which an essentially complete frame provides 

support for gravity loads, and resistance to lateral loads is provided by a specially 

detailed moment-resisting frame and shear walls or braced frames. The moment-resisting 

frame must be capable of resisting at least 25 percent of the base shear, and the two 

systems must be designed to resist the total lateral load in proportion to their relative 

rigidities. 

This system, which provides good redundancy, is suitable for medium-to-high rise 

buildings where perimeter frames are used in conjunction with central shear wall core.  
 

Lateral-Force-Resisting Elements 

Lateral-force-resisting elements must be provided in every structure to brace it against 

wind and seismic forces. The three principal types of resisting elements are shear walls, 

braced frames, and moment- resisting frames. 
 

Shear Walls: 

A shear wall is a vertical structural element that resists lateral forces in the plane of the 

wall through shear and bending. Such a wall acts as a beam cantilevered out of the 

foundation, and, just as with a beam, part of its strength derives from its depth. Figure 

(2.21) shows two examples of a shear wall, one in a simple one-story building and 

another in a multistory building. 
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Figure (2.21) Shear walls 

In Figure (2.21.a), the shear walls are oriented in one direction, so only lateral forces in 

this direction can be resisted. The roof serves as the horizontal diaphragm and must also 

be designed to resist the lateral loads and transfer them to the shear walls. 

Figure (2.21.a) also shows an important aspect of shear walls in particular and vertical 

elements in general. This is the aspect of symmetry that has a bearing on whether 

torsional effects will be produced. The shear walls in Fig. (2.21.a) show the shear walls 

symmetrical in the plane of loading.  
 

Figure (2.21.b) illustrates a common use of shear walls at the interior of a multistory 

building. Because walls enclosing stairways, elevator shafts, and mechanical shafts are 

mostly solid and run the entire height of the building, they are often used for shear walls. 

Although not as efficient from a strictly structural point of view, interior shear walls do 

leave the exterior of the building open for windows. Notice that in Figure (2.21.b) there 

are shear walls in both directions, which is a more realistic situation because both wind 

and earthquake forces need to be resisted in both directions. In this diagram, the two 

shear walls are symmetrical in one direction, but the single shear wall produces a 
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nonsymmetrical condition in the other since it is off center. Shear walls do not need to be 

symmetrical in a building, but symmetry is preferred to avoid torsional effects. 

Shear walls, when used alone, are suitable for medium rise buildings up to 20 stories 

high. 

Shear walls may have openings in them, but the calculations are more difficult and their 

ability to resist lateral loads is reduced depending on the percentage of open area. 
 

What is a Shear Wall Building? 

Reinforced concrete buildings often have vertical plate-like RC walls called Shear Walls 

(Figure 2.22) in addition to slabs, beams and columns. These walls generally start at 

foundation level and are continuous throughout the building height. Their thickness can 

be as low as 150mm, or as high as 400mm in high rise buildings. Shear walls are usually 

provided along both length and width of buildings. Shear walls are like vertically-

oriented wide beams that carry earthquake loads downwards to the foundation. 

 

 
Figure (2.22): Reinforced concrete shear wall 

 

Advantages and Disadvantages of Shear Walls in Reinforced Concrete Buildings: 

Properly designed and detailed buildings with shear walls have shown very good 

performance in past earthquakes.  
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Shear walls in high seismic regions require special detailing. However, in past 

earthquakes, even buildings with sufficient amount of walls that were not specially 

detailed for seismic performance (but had enough well-distributed reinforcement) were 

saved from collapse. Shear wall buildings are a popular choice in many earthquake prone 

countries, like Chile, New Zealand and USA. Shear walls are easy to construct, because 

reinforcement detailing of walls is relatively straightforward and therefore easily 

implemented at site. Shear walls are efficient, both in terms of construction cost and 

effectiveness in minimizing earthquake damage in structural and nonstructural elements 

(like glass windows and building contents). On the other hand, shear walls present 

barriers, which may interfere with architectural and services requirement. Added to this, 

lateral load resistance in shear wall buildings is usually concentrated on a few walls 

rather than on large number of columns. 
 

Architectural Aspects of Shear Walls: 

Most RC buildings with shear walls also have columns; these columns primarily carry 

gravity loads (i.e., those due to self-weight and contents of building). Shear walls provide 

large strength and stiffness to buildings in the direction of their orientation, which 

significantly reduces lateral sway of the building and thereby reduces damage to structure 

and its contents. 

Since shear walls carry large horizontal earthquake forces, the overturning effects on 

them are large. Thus, design of their foundations requires special attention. Shear walls 

should be provided along preferably both length and width. However, if they are 

provided along only one direction, a proper grid of beams and columns in the vertical 

plane (called a moment-resistant frame) must be provided along the other direction to 

resist strong earthquake effects. 

Door or window openings can be provided in shear walls, but their size must be small to 

ensure least interruption to force flow through walls. Moreover, openings should be 
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symmetrically located. Special design checks are required to ensure that the net cross-

sectional area of a wall at an opening is sufficient to carry the horizontal earthquake 

force. 

Shear walls in buildings must be symmetrically located in plan to reduce ill effects of 

twist in buildings (Figure 2.23). They could be placed symmetrically along one or both 

directions in plan. Shear walls are more effective when located along exterior perimeter 

of the building – such a layout increases resistance of the building to twisting. 

 
Figure (2.23): Shear wall layout 

 

Ductile Design of Shear Walls: 

Just like reinforced concrete beams and columns, reinforced concrete shear walls also 

perform much better if designed to be ductile. Overall geometric proportions of the wall, 

types and amount of reinforcement, and connection with remaining elements in the 

building help in improving the ductility of walls.  
 

Overall Geometry of Walls: 

Shear walls are rectangular in cross-section, i.e., one dimension of the cross-section is 

much larger than the other. While rectangular cross-section is common, L- and U-shaped 

sections are also used (Figure 2.24). Thin-walled hollow reinforced concrete shafts 
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around the elevator core of buildings also act as shear walls, and should be taken 

advantage of to resist earthquake forces. 

 
Figure (3.6): Shear wall geometry 

Braced Frames: 

A braced frame is a truss system of the concentric or eccentric type in which the lateral 

forces are resisted through axial stresses in the members. Just as with a truss, the braced 

frame depends on diagonal members to provide a load path for lateral forces from each 

building element to the foundation. Figure (2.25.a) shows a simple one-story braced 

frame. This building is only braced in one direction and uses compression braces because 

the diagonal member may be either in tension or compression, depending on which way 

the force is applied. 
 

Figure (2.25.b) shows two methods of bracing a multistory building. A single diagonal 

compression member in one bay can be used to brace against lateral loads coming from 

either direction. Alternately, tension diagonals can be used to accomplish the same result, 

but they must be run both ways to account for the load coming from either direction. 

Braced framing can be placed on the exterior or interior of a building, and may be placed 

in one structural bay or several. Obviously, a braced frame can present design problems 

for windows and doorways, but it is a very efficient and rigid lateral force resisting 

system. 
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Figure (2.25): Braced frames 

 

Moment-Resisting Frames: 

Moment-resisting frames carry lateral loads primarily by flexure in the members and 

joints. Joints are designed and constructed so they are theoretically completely rigid, and 

therefore any lateral deflection of the frame occurs from the bending of columns and 

beams. They are used in low-to-medium rise buildings. 

The IBC differentiates between three types of moment resisting frames. The first type is 

the special moment-resisting frame that must be specifically detailed to provide ductile 

behavior and comply with the provisions of the IBC. The second type is the intermediate 

moment-resisting frame, which is a concrete frame with less restrictive requirements than 

special moment-resisting frames. However, intermediate frames cannot be used in 

seismic zones 3 or 4. The third type is the ordinary moment-resisting frame. This 

concrete moment-resisting frame does not meet the special detailing requirements for 

ductile behavior.  

Ordinary concrete frames cannot be used in zones 3 or 4. 

Moment-resisting frames are more flexible than shear wall structures or braced frames; 

the horizontal deflection, or drift, is greater, and thus non-structural elements become 
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more problematic. Adjacent buildings cannot be located too close to each other, and 

special attention must be paid to the eccentricity developed in columns, which increases 

the column bending stresses. 

Two types of moment-resisting frames are shown in Figure (2.26) 

 
Figure (2.26) Moment resisting frames 

 

Advantages: 

- Provide a potentially high-ductile system with a good degree of redundancy, which 

can allow freedom in architectural planning of internal spaces and external 

cladding. 

- Their flexibility and associated long period may serve to detune the structure from 

the forcing motions on stiff soil or rock sites. 
 

Disadvantages: 

- Poorly designed, moment resisting frames have been observed to fail 

catastrophically in earthquakes, mainly by formation of weak stories and failures 

around beam-column joints. 
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- Beam column joints represent an area of high stress concentration, which needs 

considerable skill to design successfully. 

- Requires good fixing skills and concreting. 

Horizontal Elements (Diaphragms): 

In all lateral force-resisting systems, there must be a way to transmit lateral forces to the 

vertical resisting elements. This is done with several types of structures, but the most 

common way used is the diaphragm.  

A diaphragm acts as a horizontal beam resisting forces with shear and bending action. 

There are two types of diaphragms: flexible and rigid. 

Although no horizontal element is completely flexible or rigid, distinction is made 

between the two types because the type affects the way in which lateral forces are 

distributed. 

A flexible diaphragm is one that has a maximum lateral deformation more than two times 

the average story drift of that story. This deformation can be determined by comparing 

the midpoint in-plane deflection of the diaphragm with the story drift of the adjoining 

vertical resisting elements under equivalent tributary load. The lateral load is distributed 

according to tributary areas as shown in Figure (2.27.a). 

With a rigid diaphragm, the shear forces transmitted from the diaphragm to the vertical 

elements will be in proportion to the relative stiffness of the vertical elements (assuming 

there is no torsion), as shown in Fig, (2.27.b). If the end walls in the diagram are twice as 

stiff as the interior walls, then one-third of the load is distributed to each end wall and 

one-third to the two interior walls, which is equally divided between these two. 

The illustration shows symmetrically placed shear walls, so the distribution is equal. 

However, if the vertical resisting elements are asymmetric, the shearing forces are 

unequal. 
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Concrete floors are considered rigid diaphragms, as are steel and concrete composite 

deck construction. Steel decks may be either flexible or rigid, depending on the details of 

their construction. Wood decks are considered flexible diaphragms. 

 
Figure (2.27): Diaphragm load distribution 

Load Path: 

The structure shall contain one complete load path for Life Safety for seismic force 

effects from any horizontal direction that serves to transfer the inertial forces from the 

mass to the foundation. 
 

There must be a complete lateral-force-resisting system that forms a continuous load path 

between the foundation, all diaphragm levels, and all portions of the building for proper 

seismic performance. 
 

The general load path is as follows: seismic forces originating throughout the building are 

delivered through structural connections to horizontal diaphragms; the diaphragms 

distribute these forces to vertical lateral-force-resisting elements such as shear walls and 
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frames; the vertical elements transfer the forces into the foundation; and the foundation 

transfers the forces into the supporting soil. 

If there is a discontinuity in the load path, the building is unable to resist seismic forces 

regardless of the strength of the existing elements. Mitigation with elements or 

connections needed to complete the load path is necessary to achieve the selected 

performance level. The design professional should be watchful for gaps in the load path. 

Examples would include a shear wall that does not extend to the foundation, a missing 

shear transfer connection between a diaphragm and vertical element, a discontinuous 

chord at a diaphragm notch, or a missing collector. 

In cases where there is a structural discontinuity, a load path may exist but it may be a 

very undesirable one. At a discontinuous shear walls, for example, the diaphragm may 

transfer the forces to frames not intended to be part of the lateral-force-resisting system. 

While not ideal, it may be possible to show that the load path is acceptable. 

Primary Load-Path Elements: 

Within every building, there are multiple elements that are used to transmit and resist 

lateral forces. These transmitting and resisting elements define the building’s lateral-load 

path. This path extends from the uppermost roof or parapet, through each element and 

connection, to the foundation.  

An appreciation of the critical importance of a complete load path is essential for 

everyone involved in the design, construction, and inspection of buildings that must resist 

earthquakes. 
 

There are two orientations of primary elements in the load path: those that are vertical, 

such as shear walls, braced frames, and moment frames, and those that are essentially 

horizontal, such as the roof, floors, and foundation.  
 

The roof and floor elements are known as diaphragms. Diaphragms serve primarily as 

force-transmitting or force-distributing elements that take horizontal forces from the 
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stories at and above their level and deliver them to walls or frames in the story 

immediately below.  

Shear walls and frames are primarily lateral force- resisting elements but can also 

perform force-transmitting functions. For example and while not necessarily desirable, an 

upper-story interior shear wall may not continue to the base of the building and therefore 

must transmit its forces to a floor diaphragm. Also, at the base of a frame or a shear wall, 

forces are transmitted into a foundation element. The primary structural elements that 

participate in the earthquake load path are shown in Figure (2.28). 

 
Figure (2.28): Primary structural load path elements 

Foundations form the final link in the load path by collecting the base shear and 

transmitting it to the ground. Foundations resist lateral forces through a combination of 

frictional resistance along their lower surface and lateral bearing against the depth of soil 

in which they are embedded. 

Foundations must also support additional vertical loads caused by the overturning forces 

from shear walls and frame columns. 
 

Secondary Load-Path Elements: 

Within the primary load-path elements, there are individual secondary elements needed to 

resist specific forces or to provide specific pathways along which lateral forces are 
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transmitted. Particular attention must be given to transmitting forces between horizontal 

seismic elements (diaphragms) and vertical seismic elements. Two important secondary 

elements are chords and collectors. A chord is a structural member along the boundary of 

a diaphragm that resists tension and compression forces. A collector is a structural 

member that transmits diaphragm forces into shear walls or frames. Figure (2.29) depicts 

the overall function of chords and collectors. 

 
Figure (2.29): Function of diagram chords and collectors 

In the case of floors and roofs, the perimeter edges or boundaries are critical locations 

because they form the interface between the diaphragms and the perimeter walls. The 

perimeter is typically the location for vertical seismic elements, although many buildings 

also have shear walls or frames at interior locations. An interior line of resistance also 

creates a diaphragm boundary.  

Boundary elements in diaphragms usually serve as both chords and collectors, depending 

on the axis along which lateral loads are considered to be applied. 

As shown in Figure (2.30), the forces acting perpendicular to the boundary elements tend 

to bend the diaphragm and the chord member must resist the associated tension and 

compression. Similar to a uniformly loaded beam, a diaphragm experiences the greatest 

bending stress and largest deflection at or near the center of its span between vertical 

resisting seismic elements. The chord on the side of the diaphragm along which the 

forces are being applied is in compression, and the chord on the opposite side is in 
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tension. These tension and compression forces reverse when the earthquake forces 

reverse. Therefore, each chord must be designed for both tension and compression. 
 

In concrete walls, reinforcing steel is placed at the diaphragm level to resist the out-of-

plane bending in the wall. Collectors are needed when an individual shear wall or frame 

in the story immediately below the diaphragm is not continuous along the diaphragm 

boundary (See Figure 2.30). This is a very common situation because shear walls are 

often interrupted by openings for windows and doors, and because resisting frames are 

normally located in only a few of the frame bays along a diaphragm boundary. A path 

must be provided to collect the lateral forces from portions of a diaphragm located between 

 
Figure (2.30): Use of collector element at interior shear wall 

vertical resisting seismic elements and to deliver those forces to each individual shear 

wall or frame. The collector member provides that path. Collectors are commonly called 

drag struts or ties. Collectors are also needed when an interior shear wall or frame is 

provided. In this case, the collector is placed in the diaphragm, aligned with the wall or 

frame, and extends to the diaphragm edges beyond each end of the wall or frame. 

Collectors can occur in spandrel beams, of concrete, that link sections of shear walls 

together. 
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The following statements contained in the 2012 IBC clearly require that a complete load 

path be provided throughout a building to resist lateral forces. “All parts of a structure 

shall be interconnected and connections shall be capable of transmitting the seismic force 

induced by the parts being connected.” 

“Any system or method of construction shall be based on a rational analysis. Such 

analysis shall result in a system that provides a complete load path capable of transferring 

all loads and forces from their point of origin to the load-resisting elements.” 

To fulfill these requirements, connections must be provided between every element in the 

load path. When a building is shaken by an earthquake, every connection in the lateral-

force load path is tested. If one or more connections fail because they were not properly 

designed or constructed, those remaining in parallel paths receive additional force, which 

may cause them to become overstressed and to fail. If this progression of individual 

connection failures continues, it can result in the failure of a complete resisting seismic 

element and, potentially, the entire lateral-force-resisting system. Consequently, 

connections are essential for providing adequate resistance to earthquakes and must be 

given special attention by both designers. 

Connections are details of construction that perform the work of force transfer between 

the individual primary and secondary structural elements discussed above. They include a 

vast array of materials, products, and methods of construction. 

In concrete construction, diaphragm-reinforcing steel resists forces in the diaphragm and 

chord tension stresses, and reinforcing dowels are generally used to transfer forces from 

the diaphragm boundaries to concrete walls or frames. 
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Evolution of UBC and IBC Static Lateral Force Procedure  
 

Introduction: 
A model building code is a document containing standardized building requirements 

applicable throughout the United States. Model building codes set up minimum 

requirements for building design and construction with a primary goal of assuring public 

safety and a secondary goal of minimizing property damage and maintaining function 

during and following an earthquake. Since the risk of severe seismic ground motion 

varies from place to place, seismic code provisions vary depending on location. 

The three model building codes in the United States were: the Uniform Building Code 

(predominant in the west), the Standard Building Code (predominant in the southeast), 

and the BOCA National Building Code (predominant in the northeast), were initiated 

between 1927 and 1950. 

The US Uniform Building Code was the most widely used seismic code in the world, 

with its last edition published in 1997. Up to the year 2000, seismic design in the United 

States has been based on one these three model building codes. Representatives from the 

three model codes formed the International Code Council (ICC) in 1994, and in April 

2000, the ICC published the first edition of the International Building Code, IBC-2000. In 

2003, 2006, 2009 and 2012 the second, third, fourth and fifth editions of the IBC 

followed suit. The IBC was intended to, and has been replacing the three independent 

codes throughout the United States. 

 
Initiation of The Equivalent Static Lateral Force Method 
 

The work done after the 1908 Reggio-Messina Earthquake in Sicily by a committee of 

nine practicing engineers and five engineering professors appointed by the Italian 

government may be the origin of the equivalent static lateral force method, in which a 

seismic coefficient is applied to the mass of the structure, or various coefficients at 

different levels, to produce the lateral force that is approximately equivalent in effect to 
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the dynamic loading of the expected earthquake. The Japanese engineer Toshikata Sano 

independently developed in 1915 the idea of a lateral design force V proportional to the 

building’s weight W. This relationship can be written as WCF ′= , where C is a lateral 

force coefficient, expressed as some percentage of gravity. The first official 

implementation of Sano’s criterion was the specification C′  =  10 percent of gravity, 

issued as a part of the 1924 Japanese Urban Building Law Enforcement Regulations in 

response to the destruction caused by the great 1923 Kanto earthquake. In California, the 

Santa Barbara earthquake of 1925 motivated several communities to adopt codes with C′  

as high as 20 percent of gravity. 

 
Evolution of The Equivalent Static Lateral Force Method 
 
The equivalent lateral seismic force on a structures V was firstly taken as a percentage of 

the building weight, as stated above. Secondly it was based on the seismic zone factor, 

building period, building weight and system type. Thirdly, it was based on site specific 

ground motion maps, building period, importance factors, soil site factors and building 

response modification factors, as shown in Table (1). The first edition of the U.S. 

Uniform Building Code (UBC) was published in 1927 by the Pacific Coast building 

Officials (PCBO), contained an optional seismic appendix, also adopted Sano’s criterion, 

allowing for variations in C′  depending on the region and foundation material. For 

building foundations on soft soil in earthquake-prone regions, the UBC’s optional 

provisions corresponded to a lateral force coefficient equal to the Japanese value. For 

buildings on hard ground, the lateral force coefficient is 7.5 percent. 

While not the most advanced analytical technique, the equivalent static lateral force 

analysis method has been and will remain for some considerable time the most often used 

lateral force analysis method. 
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The 1937 UBC stipulated a lateral force coefficient, which is dependent on soil 

conditions , applied not only to dead loads but also to 50 % of the live load.  

The 1943 UBC introduced a lateral force coefficient in terms of number of stories and 

limited this number to 13. In subsequent code editions the equation was modified for 

number of stories in excess of 13. 

UBC 1949 edition contained the first USA seismic hazard map, which was published in 

1948 by US Coast and Geodetic Survey and was adopted in 1949 by UBC, as well as 

subsequent editions until 1970. 

The seismic design provisions remained in an appendix to the UBC until the publication 

of the 1961 UBC. 

The 1961 UBC Code introduced the use of four factors to categorize building system 

types. The 1970 UBC used a zoning map which divided the United States into four zones 

numbered 0 through 3. The 1973 UBC contained many modern enhancements including 

the V = ZKCW equation for seismic design, which was revised in the aftermath of San 

Fernando earthquake. Also, UBC 1973 introduced the impact of irregular parameters in 

estimating the seismic force levels. 

The concept of soil factor was first acknowledged by recognizing the importance of local 

site effects in the 1976 edition of UBC. In addition to this, UBC 1976 Added zone 4 to 

California, and included new seismic provisions especially those related to the 

importance of local site effects. The lateral force structural factor, wR was increased to take 

advantage of ductility of lateral force resisting systems.  

The 1985 UBC used a Z factor that was roughly indicative of the peak acceleration on 

rock corresponding to a 475-year return period earthquake. 

The 1988 UBC introduced the use of twenty- nine response modification factors plus 

three additional for inverted pendulum systems. Also, the base shear equation was 

changed from the 1985 UBC edition, and six seismic risk zones 0, 1, 2a, 2b, 3 and 4 are 

used. 
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Until 1997 edition of UBC, seismic provisions have been based on allowable stress 

design. In UBC 1997 revised base shear and based it on ultimate strength design. Added 

to this, a new set of seismic-zone dependent soil profile categories AS  through FS  , has 

been adopted and replaced the four site coefficients 1S  to 4S of the UBC 1994, which are 

independent of the level of ground shaking. Also, old wR  factor has been replaced by a 

new R factor, which is based on strength design, and two new structural system 

classifications were introduced: cantilevered column systems and shear wall-frame 

interaction systems. 

Moreover, the 1997 edition of UBC included a reliability factor for redundant lateral 

force systems, and the earthquake load (E) is a function of both the horizontal and 

vertical components of the ground motion. 

In response to an appeal for more unified design procedures across regional boundaries, 

the International Building Code was developed and the first edition introduced in 2000. 

Subsequent IBC code editions were introduced in 2003, 2006, 2009 and 2012. The 2000 

IBC has established the concept of Seismic Design Category (SDC), which is based on 

the location, the building use and the soil type, as the determinant for seismic detailing 

requirement. One of the most significant improvements in the 2000 IBC over the 1997 

UBC is the ground parameters used for seismic design. In 2000 IBC, the 1997 UBC 

seismic zones were replaced by contour maps giving MCE spectral response 

accelerations at short period and 1-second for class B soil. The IBC Code versions 2000, 

2003, 2006, 2009 and 2012 reference to ASCE 7-05 and ASCE 7-10, contain up-to-date 

seismic provisions, including eighty-three building system response modification factors.  
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Table (1): Development of seismic base shear formulas based on UBC and IBC 

codes 
UBC/IBC Code  Editions Lateral Force  Specific Notes 
UBC 1927- UBC 1946 WCF ′=  - Seismic design provisions included 

in an appendix, for optional use. 
- C′ , which is dependent on soil 

bearing capacity, is in % of weight. 
UBC 1949- UBC 1958 WCF ′=  - C′  is dependent on number of 

stories. 
- First USA seismic hazard map 

included. 
UBC 1961- UBC 1973 WCKZV =  - Seismic design provisions moved to 

the main body of the code. 
- Seismic zones introduced. 
- Lateral force system structural 

factors included. 
- Fundamental period of vibration 

included. 
UBC 1976- UBC 1979 WSCKIZV =  - Seismic zone 4 introduced. 

- Soil profiles introduced. 
- Building importance factors 

included. 
UBC 1982- UBC 1985 WSCKIZV =  - Soil profiles expanded. 
UBC 1988- UBC 1994 

wRWCIZV /=  - Soil profiles expanded. 
- Seismic zones modified. 

UBC 1997 TRWICV v /=  - Soil profiles expanded, and 
dependent on soil dynamics. 

- System redundancy factor 
introduced. 

- Additional structural systems 
introduced. 

- Vertical component of ground 
shaking included. 

- Seismic provisions are based on 
strength-level design. 

IBC- 2000- IBC-2012 WCV s=  - Spectral accelerations introduced. 
- Safety concept redefined. 

- Seismic design categories, SDC 
introduced. 

- System response modification factors 
expanded. 
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Seismic Code Provisions Are Based On Earthquake Historical Data 
The equations used to determine Seismic Design Forces throughout the United States as 

well as the rest of the world are based on historical data that has been collected during 

past earthquakes.  

The 1925 Santa Barbara earthquake led to the first introduction of simple Newtonian 

concepts in the 1927 Uniform Building Code. As the level of knowledge and data 

collected increases, these equations are modified to better represent these forces.  

In response to the 1985 Mexico City earthquake, a fourth soil profile type, 4S , for very 

deep soft soils was added to the 1988 UBC, with the factor 4S  equal to 2.0. 

The heavily instrumented San Francisco (1989-Loma Prieta) and Las Angeles (1994-

Northridge) earthquakes increased this knowledge dramatically. 

The 1994 Northridge Earthquake resulted in addition of near-fault factor to base shear 

equation, and prohibition on highly irregular structures in near fault regions. Also, 

redundancy factor added to design forces.  

The 1997 UBC incorporated a number of important lessons learned from the 1994 

Northridge and the 1995 Kobe earthquake, where four site coefficients use in the earlier 

1994 UBC has been extended to six soil profiles, which are determined by shear wave 

velocity, standard penetration test, and undrained shear strength. 

 
Safety Concepts 
Structures designed in accordance with the IBC provisions should generally be able to: 

1. Resist minor earthquakes without damage. 

2. Resist moderate earthquakes without structural damage, but possibly some 

nonstructural damage. 

3. Resist major earthquakes without collapse, but possibly some structural and 

nonstructural damage. 
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The code is intended to safeguard against major failures and loss of life; the protection of 

property is not its purpose. While it is believed that the code provides reasonably for 

protection of life, even that cannot be completely assured. 

The UBC intended that structures be designed for “life-safety” in the event of an 

earthquake with a 10-percent probability of being exceeded in 50 years (475-year return 

period). The IBC intends design for “collapse prevention” in a much larger earthquake, 

with a 2-percent probability of being exceeded in 50 years (2,475-year return period).  

Detailing Requirements of ACI 318-14: 

Based on R5.2.2, for UBC 1991 through 1997, Seismic Zones 0 and 1 are classified as 

classified as zones of low seismic risk. Thus, provisions of chapters 1 through 27 with the 

exception of chapter 18 are considered sufficient for structures located in these zones.  

Seismic Zone 2 is classified as a zone of moderate seismic risk, and zones 3 and 4 are 

classified as zones of high seismic risk. Structures located in these zones are to be 

detailed as per chapter 18 of ACI 318-14, see Table R.5.2.2. 
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For Seismic Design Category A of IBC 2000 through 2012, detailing is done according to 

provisions of chapters 1 through 27 with the exception of chapter 18. Seismic Design 

Categories B, C, D, E and F are detailed as per the provisions of chapter 18, as shown in 

Table R18.2 of ACI 318-14.  

 

 
 

 

 


