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ABSTRACT 

     This paper studies the combination fluid viscous dampers in the outrigger system to add 

supplementary damping into the structure, which purpose to remove the dependability of the 

structure to lower variable intrinsic damping. It works by connecting the central core, comprising 

either shear walls or braced frames, to the outer perimeter columns. 

     The modal considered is a 36 storey square high rise reinforced concrete building. By 

constructing a discrete lumped mass model, and using frequency-based response function, two 

systems of dampers, parallel and series systems are studied. The maximum lateral load at the top 

of the building is calculated, and  this load  will be applied at every floor of the building, giving 

a conservative solution. For static study Equivalent Lateral Force (ELF) was conducted. 
MATLAB software, has been used in this study. 

     From analysis data, it is observed that the parallel system of dampers result lower amplitude 

of vibration and achieved more efficiently compared to the series system, and the horizontal 

displacement for each configurations by using MATLAB software is less than the analytical 

solution using a uniformly distributed load of 36 nodal point forces that divided the total height. 
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 نظمةة عااةة اإخمةاع ااصطناااي يي الةاانظي الررسانظية الةللحةلأ والتحليل الأستاتيكيالتأثيرات الزلزالية 

 العالية 

 
 آةاة حاةد الةرتار      ع. اااس ااد الةجيد الاوي                                                                        

 استبر يسبػذ                                                                      طبنبت يبخستٍش                                      

 خبيؼت بغذاد-كهٍت انُٓذست                   خبيؼت بغذاد                                    -كهٍت انُٓذست                              

 

                                                                     

 الرلاطة

 إنى ٌٓذف ٔانزي انذػبيت لإضبفت إخًبد تكًٍهً نهًُشأ ، َظبو ػًهٍت ديح يخًذاث انسبئم انهضج فًذساست ان تتُبٔل ْزِ     

 the central coreانًشكضٌت ) انُٕاة سبظ طشٌق ػٍ تؼًم ًْٔ. ػهى انقًٍت انًُخفضت نلإخًبد اندْٕشي اػتًبد انًُشأ إصانت

  .انخبسخٍت انًحٍطت الأػًذة إنى ٍْكم يذػٕو، أٔ انقص خذساٌ إيب انتً تضى (،

تتًحٕس  .ٔراث يقطغ يشبغطببق  25 بُبٌت شبْقت الاستفبع يٍ انخشسبَت انًسهحت تتكٌٕ يٍ ْٕ تى دساستّانًُٕرج انزي      

نُظبيٍٍ يٍ  ،تشددان انًؼتًذة ػهى الاستدببت دانت، ٔاستؼًبل يُفصهت يٍ خلال اَشبء ًَٕرج يٍ كتم يتدًؼتانذساست 

 ْزاطبق ٔ انًبُى، يٍ انؼهٕي اندضء فً اندبَبً نهحًم الأقصى انحذ احتسبة تى .انًخًذاث، ًْٔب َظبيب انتٕاصي ٔانتٕانً

تى استخذاو  .الاستبتٍكٍتحبنت نه ؼًبل طشٌقت انقٕة اندبَبٍت انًكبفئتستاتى  .يؼطٍب حلا يحبفظب انًبُى، يٍ طببق كمن انحًم

 .هذه الدراسةفي  MATLABبشَبيح 

 يقبسَتأكثش  يحقق كفاءةو ٌُتح ربزببث راث قٍى اقم بٕضؼٍت انتٕاصيانًخًذ انسبئم انهضج أٌ  انبٍبَبث تحهٍم يٍ نٕحظ     

 انتحهٍم طشٌقتأقم يٍ  الإصاحبث الأفقٍت نكلا انُظبيٍٍ تكٌٕ MATLABبشَبيح  ؼًبلببست .انًخًذ بٕضؼٍت انتٕانً بٕضغ
 .انكهًستفبع الا يقسٕيت ػهىَقطت ػقذٌت  25 ؼًبل حًم ٌٕصع بشكم يُتظى ػهىببست

 

        َظبو انذػبيت، يخًذ انسبئم انهضج، ًَٕرج يُفصم. الرئيلية:الكلةات 
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1. INTRODUCTION 

     Outrigger is a common system of strengthening and stiffening tall  buildings. It works by 

connecting the central core, comprising either braced frames or shear walls, to the outer 

perimeter columns. The explication of building outrigger behavior is easy because outriggers 

represent as firm arms engaging external columns, at the point when a core have a tries to 

incline, its rotation at the outrigger level generates a tension- compression couple in the external 

column moving contrary to that movement. As the outcome, the outrigger restrict the bending of 

the core by introducing a point of inflection in the deflection profile, as shown in Fig.1. Thus 

decreasing the lateral motion at the top when the reversal in curvature, Nanduri, et al., 2013; 

and Melek, et al., 2012. 

     Besides at the outrigger intersection lowering the core moment, the system equals the 

differential shortening of exterior columns coming from axial load imponderables and 

temperature. Another influence of using outriggers is the considerable lowering of net tension 

and uplift force at the foundation level, Choi, et al., 2012. 

     The damped outrigger system works by the insertion of viscous dampers between  the  

external  columns  and  the  outriggers. When it was done, there was a considerable rise in 

damping, Willford, and Simith, 2008. Therefore, the outrigger system was used as one of the 

structural system to control the excessive drift during lateral load due to earthquake load. 

 

2. STRUCTURAL DESCRIPTION AND MODELING 

2.1 Structural Parameters 

     The modal considered in this study is a 36 storey square high rise reinforced concrete 

building with a base dimension of 30 m by 30 m. The floor to floor height is 4 m contributing to 

a total building height of 144 m. The building has a 14 m by 14 m central concrete core with a 

thickness of 45 cm. The building has two outrigger arms cantilevering from the core to the 

perimeter columns from each of the side of the core. W14𝝬398 sections with an approximate 

cross-section area of 0.15 m
2 

used as the perimeter columns, Gamaliel, 2008; and Smith, and 

Willford, 2007. 
     The gravity system used in conjunction with central concrete core consists of 25 cm thick 

reinforced concrete slabs, with beams section of 45 cm 𝝬 70 cm, and square reinforced concrete 

columns (45 cm 𝝬 45 cm). Fig. 2 summarizes the building dimensions described. 

 

2.2 Structural Model 

     To create a realistic modal of the proposed building described in section 2.1, each floor of the 

building will be modeled as a series of masses lumped at the center of the core. Each mass has 

two degrees of freedom, the vertical translation degree of freedom has been neglected to simplify 

the modal, as shown in Fig. 3. 

     The general discrete equation of motion written in matrix form as 

 

    ̈       ̇                                                                                                           (1) 

 

     To obtain the global stiffness matrix, the direct stiffness approach is used. A standard two-

node member element with two degrees of freedom for each node is considered in this study. 
The element stiffness matrix are given by 
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Where, A = area of the lumped mass = 53.19   , E = elastic modulus of the core, I = moment of 

inertia of the lumped mass with respect to the bending axis               , L =  floor height  

=  4  m, a = angle of reference with respect to the global coordinate = 0, b =  core length = 14 m, 

and t =  core thickness = 0.45 m. 

     The mass matrix M is a diagonal matrix containing the floor mass as well as the rotational 

inertia of the following form  

 

M = 

⌈
⌈
⌈
⌈
 

                            
     
 

                   

                              ⌉
⌉
⌉
⌉
 

                                                                                                              (6) 

 

     Since the floor layout is the same throughout the building height, M1 = M2 =   = M36 = M. 

Similarly, the rotational inertia entries are equal throughout the height, thus J1 = J2 =   = J36 = J. 

Rotational inertia is assumed to be provided by the concrete core system only, and the gravity 

system have negligible effect on rotation because it is not rigidly attached to the core, Gamaliel, 

2008.  

     Where, M = nodal mass = gravity system mass (mf ) + core mass (mc) = 1,100,093  Kg;  

J= nodal rotational inertia = 7,895,042.64  Kg m
2
. 

     The intrinsic damping in a high-rise building is a key design parameter. Although the effect of 

damping is less important for seismic response than for wind response, the values assigned to 

structural damping should be selected with care. The intrinsic damping ratio of between 1% and 

2% appears reasonable for buildings more than 50 m and less than 250 m in height, Willford, et 
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al., 2008. While some studies using the intrinsic damping ratio of 2.5% for 50 storey high rise 

reinforced concrete building, Melek, et al., 2012. 

 

 

2.3 The Damped Outrigger Concept 

     The concept of the damped outrigger is shown in Figs. 4,5 and 6. Fig. 4 appears how the 

outrigger systems activate in easy conditions while incorporated inside a usual core-to-perimeter 

columns outrigger systems. As a structure subjects dynamic sway motion, there is proportional 

vertical motion between the ends of stiff outrigger element that cantilevering from the core and 

the perimeter column. There are needful for the outriggers to shift vertically proportional to the 

floor at these levels, while the floors bend in double curvature to stay attached to the outer 

columns and the central core. The dampers are incorporated across this building discontinuity, 

dissipating energy through the cyclic motion, and producing the raise in the total damping for the 

structure.  Fig. 5 shows in terms of a conceptually the form of detail commonly wanted at the 

level where the damper is incorporated. The arranging can be as shown in Fig. 6 at the outriggers 

level in this situation, Smith, and Willford, 2007. 

 

2.4 The Damped Outrigger Model 

     While the concept given by Willford and Smith, 2008 implies that the perimeter columns is 

in series configuration with the dampers, as well be studied parallel configuration of columns 

and dampers by Gamaliel, 2008 to provide a good comparative study, as shown in Fig. 7. 

     The approach to drive typical damper characteristic is based on macroscopic point of view. 

Where in this point of view, the stiffness is defined based on the slope of the diagonal line of the 

hysteresis loop and the damping is derived from the hysteresis loop of tested damper, Al Mallah, 

2011. Then, obtain the equivalent complex stiffness for both parallel and series configuration. 

 

2.4.1 Hysteresis loop and characteristics of tested damper 

     Considering a simple single degree of freedom (SDF) system with a viscous damper is 

subjected to a harmonic load, under steady- state response, the damping force equals to: 
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 =                   =      √    
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   [    ]                                                                                                       (7) 
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Which is the equation of the ellipse shown in Fig. 8. The area in closed by the ellipse is 

                             
 , which is equal to the dissipated energy 

 

    =      
 

  
        

                                                                                                                    (9) 

 

Due to harmonic force with       , and based on macroscopic point of view, the loose 

stiffness,    is defined based on the slope of the diagonal line of the hysteresis loop. The 

damping  coefficient,   , is equal to the loose stiffness divided by  , and is also calculated from 

above as: 
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The equivalent damping ratio      calculated from a test at        would not be right at any 

exciting frequency, but it would be a satisfying approximation. 

 

     = 
 

  
 
   

   
                                                                                                                                (11) 

 

Where the strain energy,            
  ⁄   is calculated from the stiffness   resolved by 

experience, Chopra, 2008. Based on the above,     and      can be calculated from hysteresis 

loop of the tested dampers. 

     The model considered for this study is based on that the material behavior is in linear elastic 

range. However, it must be mentioned that most dampers classified as viscous dampers do not 

behave fully linear over the range of the entire velocity due to nonlinear material behavior and 

sealing friction which ends up in a nonlinear viscous behavior at small velocities.  

 

2.4.2 Derivation of equivalent complex stiffness 

     Damping introduces complexity to the solution by adding a term involving velocity. In order 

to define the complex frequency-response function, the steady-state motion of a SDOF system is 

applied for both parallel and series configuration, which the equivalent complex stiffness can be 

expressed as: 

- Parallel configuration, The harmonic motion at the forcing frequency,  , can be expressed as 

 

                                                                                                                                    (12) 

 

 ̇(t) =                                                                                                                               (13) 

 

The equation of motion for the parallel configuration of damper and column is 

 

                   ̇(t)                                                                       (14) 

 

                                                                                                                                  (15) 

 

, Chopra, 2008 and Gamaliel, 2008, See Fig. 9. 

-Series configuration, The harmonic motion at the forcing frequency,  , can be expressed as 

 

                 , and                                                                                        (16) 

 

 ̇(t) =            , and   ̇(t)1 =                                                                               (17) 

 

Then, the equation for the series configuration of damper and column is: 

 

                       ̇(t) –  ̇(t)1 )                                                                                      (18) 

 

              (                                                                                                     (19) 
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,Chopra, 2008 and Gamaliel, 2008, See Fig. 10. The above procedure has been derived the 

equivalent complex stiffness for both parallel and series damper configuration. The next step is 

to obtain the rotational stiffness at the outrigger level. 

 

2.4.3 Derivation of the rotational stiffness 

     The column-restrained outriggers oppose the rotation of the core, when subjected to lateral 

loads, causing the moments and the lateral deflections in the core to be minimal than if the 

freestanding core alone resisted the loading. The exterior moment is now resisted not by bending 

of the core alone, but also by the axial compression and tension of the exterior column connected 

to the outrigger, Taranath, 2010. 

     The axial shortening and elongation of column is clearly equal to the rotation of the core 

multiplied by their particular distances from the exterior column to the center of the core. If the 

distance of the equivalent columns is d/2 from the central core, the axial distortion of the 

columns is then equal to  d/2, where   is the core rotation. Then the stiffness of the equivalent 

spring is studied for unit rotation of the core (i.e.,   = 1), therefore the axial deformation of the 

equivalent columns is equalize to 1 × d/2 = d/2 units, Taranath, 2010. 

 The corresponding axial load is as following 

 

                 ⁄                                                                                                                (23) 

 

     is the column axial load;   is the column area;   is the modulus of elasticity;   is the 

distance from the center of core to the exterior column;    is the height at the outrigger level. 
Using the notion    for the rotational stiffness, and noticing that there are two equivalent 

columns, each situated at a distance from the core, we obtain 

 

                                                                                                                              (24) 

 

    
      

    
                                                                                                                                 (25) 

 

The addition of rotational stiffness to the core at the outrigger level can be obtained as follows 

 

                                                                                                                                   (26) 

 

Where,                ,        
 

 
    , and            

 

           (
 

 
)
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2.5 Applying Outrigger Effect to Discrete Model 

The effect of the outrigger can be modeled by introducing a minor change in the stiffness matrix. 

A rotational spring is to be added to the nodal point where the outrigger is located. Hence, the 

outrigger nodal point will have a modified rotational stiffness comprised of the existing 

rotational stiffness from the core (cantilever beam) and the rotational stiffness,   , from the 

outrigger. From previous section, the value of    has been derived. Because the Damping 

introduces complexity to the solution by adding a term involving velocity, the equivalent 

complex stiffness has been derived for both parallel and series damper configuration, and has 

been incorporated this effect into the stiffness matrix of the core, Gamaliel, 2008 and Taranath, 

2010. 

     In the case of a damped outrigger, the damping matrix, C, is required to solve the full 

differential equation of motion. The conventional approach is to work in the real domain by 

constructing the damping matrix and introducing the damping coefficient    at the location 

corresponding to the rotation of the outrigger node. However, it is algebraically more convenient 

to work in the complex domain, by collapsing the C  matrix altogether and lumping the effect of 

damping into the stiffness matrix, forming an equivalent complex stiffness matrix, Gamaliel, 

2008, which has been obtained in section 2.4.1. 

 

3. STATIC ANALYSIS 

3.1 Equivalent Lateral Force (ELF) Analysis 
     The ground motion risks that rely on the regional seismicity depending upon a list of basics. 

Then considered to be ingrained in building designed to ASCE 7-05  the design ground motions 

are depend on the margin of a minimal  bound evaluation versus collapse. Depend on experiment 

this minimal bound has been believed in ground motion to be almost a factor of 1.5, Taranath, 

2005. Subsequently, the design earthquake ground motion has been selected at a ground motion 

shaking level that is 1/1.5, which is equal to the 2/3 of the MCE ground motion. 

     ASCE 7-05 explains the MCE ground motion at short periods, Ss,  in terms of the mapped 

values of the spectral response acceleration and also at 1 second, S1, for site class B for soft  

rock. These values may  be  gained from the map developed by USGS. The maps developed by 

USGS define sites of fault using both the probabilistic and deterministic proceedings, and 

contours of random  horizontal acceleration  values, Taranath, 2005. 

     In this study, the parameters Ss and S1 determine from the major map developed by USGS, in 

Irvine, California for site class D, using an importance factor, IE , is equal to 1 for the Occupancy 

Category II, and the effective seismic weight, Wx at each node is equal to 12,000  KN. 

     The seismic base shear, V, in accordance with (Eq. 12.8-1, ASCE 7-05) is 

 

V Cs  Wt                                                                                                                                  (28) 

 

The seismic response coefficient, Cs, shall be determined in accordance with the following 

equation: 

 

Cs = 
   

(
 

   
)
                                                                                                                                      (29) 

 

Where,  SDS, design spectral response accelerations; R, response  modification  factor see (Table 

12.2-1, ASCE 7-05). 

     Observing ASCE 7-05 does not give a separate formula for calculating the concentrated  force 

Ft at top. Its effect is automatically included in the manner in which the base shear, V, is 
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distributed vertically over the building height. For a structure with n levels, the force at 

diaphragm level x is given by the equation: 

 

Fx   Cvx  V                                                                                                                              (30) 

 

Where, Cvx = vertical distribution factor. 

 

3.2 Static Analysis of Single Outrigger 

3.2.1 Optimum location of the single outrigger 

     The preceding analysis has assigned to that the useful action of outrigger is a function of two 

special characteristics: (1) the stiffness of the equivalent spring; and (2) the value of the rotation 

at the spring location of the cantilever due to lateral loads. The spring stiffness, which is 

derivation in Section 2.4.3, is a function of column length beneath the outrigger site, which 

differs inversely as the distance of the outrigger from the base. For example, the stiffness is at a 

minimal when  the  outrigger exists  at  the  top  and  a maximum when at the bed. 

      On the other hand, the rotation, θw, of the free cantilever subjected to a uniformly lateral load 

differs parabolically at the top with a maximum value to zero at the bottom. Therefore, from the 

point of view of spring stiffness, it is eligible to set the outrigger at the bottom, whereas from 

estimation of its rotation, the converse is true. It must therefore be clear that the optimum 

location is somewhere in between. 

     To evaluate the optimum location, first the restoring moment, Mx, of the outrigger situated at 

x is estimated. Next, a equation for the deflection at the top of the core due to Mx is derived. 

Differentiating this equation and equating a zero results in a third-degree polynomial, the 

solution of which yields the outrigger optimum location identical to the minimum deflection at 

top of the building due to external load. The rotation θw of the cantilever at a distance x from the 

top, due to uniformly distributed load w, is the derivative of its deflection profile, is given by the 

relation: 

 

θw = 
 

   
                                                                                                                             (31) 

 

The rotation due to the restoring couple Mx is given by the relation: 

 

      ∫
  

  

   

 
    = 

  

  
                                                                                                     (32) 

 

Knowing the rotational stiffness   , one can find the moment in the spring Mx, by satisfactory 

the rotation compatibility relation at a distance x from the top. The final rotation of the cantilever  

 
 

   
             

  

  
        =  

  

  
                                                                                     (33) 

 

The negative sign mentions that the rotation of the cantilever due to external load acts in a 

direction opposite to the rotation due to the spring stiffness. 

 
 

   
          Mx*

          

        
  

      

  
 + ; Let g = 

 

        
  

 

   
 

Mx = 
 (     )

          
                                                                                                                           (34) 
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     Next, the deflection at the top due to Mx is obtained, by the integration of the Bending-

Moment Equation: 

 

u( )x = 
  

   
                                                                                                                  (35) 

 

The optimum location of the outrigger is that location for which the deflection u( )x is a 

maximum. This is gained by substituting Mx into the equation above and differentiating with 

respect to a distance x from the top and equating to zero. 

 

u( )x = 
 (     )          

           
  

 (      )     

      
                                                                             (36) 

 

Thus, dy/dx of, 0 = 
 (            )

      
 

     This cubic equation has a single positive root, x = 0.445L. Therefore, to minimize drift, the 

outrigger must exist at a distance x = 0.455L form the top or, say, approximately at midheight of 

the building. This corresponds most closely to story number 19. 

 

3.2.2 Deflection calculations 

The  two major limitation of an outrigger systems are the maximum  moment at the base of the 

building, and also the horizontal deflection at the top of the building. The  maximum  horizontal  

deflection  needs  to  be  below  an acceptable limit of human comfort. The moment at the base 

has no effect on  human comfort, but  has a great effect in the overall  building cost as far as 

member sizes and foundation  system, Gamaliel, 2008. 

   A simple cantilever beam subjected to uniform loading is considered and the deflection profile 

is given by:  

 

u(x) = 
   

     
                                                                                                             (37) 

 

where the value,  , is the distance from the top. Then the deflection at the top due to uniform 

load is 

 

u( )1 = 
     

    
                                                                                                                                (38) 

 

The deflection at the top due to Mx, which Mx under the outriggers restraint is the resorting 

moment, is 

 

 u( )2 = 
  

   
                                                                                                                 (39) 

 

     The deflection at the top is simply the superposition of the cantilever beam due to the moment 

induced by the rotational spring and due to the uniform load: 

 

u( )1,2 = 
     

    
  * 

  

   
           + 

u( )1,2 = 
     

    
  

 (      )     

      
  ,  Let  f =       g = 
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u( )1,2 = 
     

    
  

 (               )

       
 

 

u( )1,2 = 
   

    
*    

 

 
                 +                                                                      (40) 

 

     The analytical solution, by using a uniformly distributed load of 36 nodal point forces that 

divided the total height, gives a value of 0.224 m. 

 

3.3 Static Analysis Using Software Program 

     The different outrigger systems appoint the use of viscous dampers. The discrete model is run 

in MATLAB software for four different configurations, 

(1) outrigger with damper in series; 

(2) outrigger with damper in parallel; 

(3) outrigger without damper; 

(4) system without outrigger. 

     For static case, the forcing frequency   is set to zero for each series and parallel 

configurations. Therefore, mathematically it can be shown as    ; the equivalent stiffness for 

series is: 

 

     
        

         
                                                                                                                      (41) 

 

     This proposes that the outrigger system with series damping behaves completely as a system 

without outrigger under static loading. For parallel the equivalent stiffness is 

 

                                                                                                                             (42) 

 

This implies that the outrigger with parallel damping configuration behaves as a typical outrigger 

under static load. 

     The matrix equation run in MATLAB to be solved is: 

 

                                                                                                                                          (43) 

 

     The outrigger location must be the addition of the rotational stiffness to the core for each 

configuration. Fig. 11 shows the horizontal displacement along the height of the building for 

each configurations. It can be seen that the curve for configuration (1) and configuration (4) 

matched with each other, and the curve for configuration (2) matched with the curve for 

configuration (3). The  horizontal displacement for configuration (1) and configuration (4) at the 

top of the building is equal to 0.206 m, and for configuration (2) and configuration (3) at the top 

is equal to 0.1976 m. 

 

3.4 Story – Drift Limit 

     The story drift, ΔX, is calculated from previous analysis, from data of Fig. 11, compared with 

the allowable story drift (Δa) as gained from (ASCE 7-05, Table 12.12-1), for any story. 

     The allowable drift (Δa) in the ASCE 7-05 is based on the selected building system and 

dependent on building occupancy category. From , ASCE 7-05, Table 12.12-1, the value of (Δa) 

is equal for any story (0.08 m), because the story height is equal for any story.  

     The determination of story drift, ΔX, uses the next steps: 
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1. Determine the horizontal displacement at each floor levels by an elastic analysis of the 

building under the design base shear(see Fig. 11). The horizontal displacement at floor level x, 

obtained from this analysis, is termed δxe. The subscript “e” stands for elastic analysis. 

2. Increase dxe by the deflection amplification factor, Cd ; see (Table 12.2-1, ASCE 7-05), for 

Cd values. The resulting quantity, Cd δxe, is an estimated design earthquake displacement at 

floor level x. ASCE 7-05 requires this quantity to be divided by the importance factor, IE, 

because the forces under which the δxe displacement is computed are already amplified by IE. 

The quantity Cdδxe∕IE at floor level x is δx, the adjusted design earthquake displacement. 

 

δx =  Cd δxe∕IE                                                                                                                            (44) 

 

3. Calculate the story drift δx for story x (the story below floor level x) by deducting the adjusted 

earthquake displacement at the bottom of story x (floor level x − 1) from the adjusted earthquake 

displacement at the top of story x: 

 

ΔX = − (δx − 1) +  δx                                                                                                                  (45) 

 

The ΔX values must be kept within limits, see (Table 12.12-1, ASCE 7-05). Two items are 

noting: 

1. The redundancy coefficient,  , is equal to 1.0 for the computation of the design story drift, 

where a redundancy factor,  , shall be assigned to the seismic force-resisting system in each of 

two orthogonal directions(ASCE 7-05). 

2. For determining compliance with the story drift limitations, the deflections, δx, may be 

calculated corresponding to the fundamental period of the structure(ASCE 7-05). The values for 

ΔX and Δa are shown in Table 1. 

 

3.5 P – Delta Effects 

    The PΔ effects in a given story are due to the eccentricity of the gravity load above that story. 

If the story drift due to the lateral forces were ΔX, the bending moments in the story would be 

augmented by an amount equal to ΔX times the gravity load above the story. The ratio of the PΔ 

moment to the lateral-force story moment is designated as a stability coefficient, φ. If the 

stability coefficient φ is less than 0.10 for every story, the PΔ effects on story shears and 

moments and member forces may be neglected. If, however, the stability coefficient φ exceeds 

0.10 for any story, the PΔ effects on story drifts, member forces, shears, etc., must be determined 

by a rational analysis. 

     where the stability coefficient (φ) as determined by the following equation(ASCE 7-05):  

 

φ = 
         

            
                                                                                                                           (46) 

 

Where,    = the total vertical design load at and above Level x (kip or KN), where computing 

   no individual load factor need exceed 1.0; ΔX  = the design story drift as defined in Sec. 3.4 

revolving simultaneously with    (in or mm);   = the seismic shear force acting between 

Levels x and x − 1 (kip or KN) as determined by the following equation(ASCE 7-05):  

    ∑   
 
                                                                                                                              (47) 
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where   = the portion of the seismic base shear(V)(kip or KN) induced at Level i;        = the 

story height below Level x (in. or mm);    = the deflection amplification factor in (Table 12.2-

1, ASCE 7-05). 

The stability coefficient (φ) shall not exceed φMAX determined as follows(ASCE 7-05): 

 

 φMAX   
   

     
                                                                                                                        (48) 

 

where   is the ratio of shear demand to shear capacity for the story between Levels x and x−1. 

This ratio is permitted to be conservatively taken as 1.0(ASCE 7-05). Consequently, the value 

φMAX is equal to 0.1. The values for φ are shown in Table 2. 

 

4. CONCLUSIONS 

1. The optimum location of the outrigger is that location at a distance x = 0.455L form the 

top or, say, approximately at midheight of the building.  

2. The analytical solution, by using a uniformly distributed load of 36 nodal point forces 

divided the total height, gives a value of 0.224 m. 

3. The related results, at the discrete model run in MATLAB software for four different 

configurations, are as follows: 

 The horizontal displacement for configuration (1) and configuration (4) at the top of the 

building is equal to 0.2060, and for configuration (2) and configuration (3) at the top is 

equal to 0.1976. This implies that the outrigger with  series damping configuration 

behaves as a system without outrigger under static loading, and that the outrigger with 

parallel damping configuration behaves as a regular outrigger under static loading. 

 The horizontal displacement for each configurations by using MATLAB software is less 

than the analytical solution, 0.224 m. 

4. The related results, compared the story drift, ΔX, calculated from previous analysis with 

the allowable story drift (Δa = 0.08 m) as obtained from (ASCE 7-05) for any story, are 

as follow: 

 From configuration (1) to configuration (4) the story drift is less than the allowable 

story drift, which is able to pass the requirement. 

5. The stability coefficient φ for every story is less than 0.10; therefore, the PΔ effect on 

moments and member forces and story shears may be neglected. 

6. From analysis data, the parallel placement of viscous damper result in lower amplitude of 

vibration compared to when the damper is in series. 

7. The result of analysis suggests that viscous dampers should be installed in parallel with 

the perimeter column where the outrigger connects. However, to achieve this type of 

parallel connection takes more of a construction challenge than connecting it in line with 

column as proposed by Smith and Willford, 2007. Two columns side by side will be 

required to connect the damper in parallel. 
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NOMENCLATURE 

A = area of the lumped mass,     
  =Height at the outrigger level, m. 

b =  core length, m. 

C0= damping coefficient, N.s/m, 

Cd = deflection amplification factor, dimensionless. 

Cs =  seismic response coefficient, dimensionless. 

Cvx = vertical distribution factor, dimensionless. 

E =elastic modulus of the core, Pa. 

   = energy dissipation, N.m. 

   = strain energy, N.m. 
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Fx = the force at diaphragm level x, kN. 

      =Complex frequency-response function, dimensionless. 

I = moment of inertia of the lumped mass,   . 

J= nodal rotational inertia, Kg m
2
. 

 = Stiffness matrix, N/m. 

  =loss stiffness, N/m. 

  =Rotational stiffness, N/m. 

    =Stiffness of column, N/m. 

   =Equivalent complex stiffness, N/m. 

L =floor height, m. 

 =Mass matrix, Kg. 

Mx = restoring moment, kN.m. 

  =A complex periodic loading function, kN. 

S1=Mapped MCE, 5 percent damped, spectral response acceleration parameter at a 

      period of 1, %g.  

Ss=Mapped MCE, 5 percent damped, spectral response acceleration parameter at  

      short periods, %g. 

t =core thickness, m. 

u= displacement of the system and the damper, m. 

 ̇=velocity of the piston, m/s. 

  =amplitude of the displacement, m. 

V= base shears, kN. 

  =the portion of the total gravity load of the structure at level i, kN. 

  =effective modal gravity load, kN. 

Wx=effective seismic weight at each node, kN. 

 =frequency of motion, rad/s. 

   =Vibration Natural Frequency, rad/s. 

 =phase angle, rad.  

  =damping ratio, dimensionless. 

    =equivalent damping ratio, dimensionless. 

 =rotation of the core, rad. 

θw = rotation of the cantilever at a distance x from the top, rad. 

φ = stability coefficient, dimensionless.  
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Figure 1. Core – Supported outrigger structures, Sathyanarayanan, et al., 2012. 

         

                (a)                                                        (b) 

Figure 2. Buildings dimensions (a) in elevation, (b) in plan (some details and beams for gravity 

system omitted for clarity). 

                                              

Figure 3. Discrete lumped mass modal for a 5 story building. 
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 Figure 4. Patent pending (damped outrigger),       Figure 5. Conceptual detail at outrigger level, 

 Smith, and Willford, 2007.                              Smith, and Willford, 2007. 

 

 

         
 

Figure 6. General arrangement of outrigger levels, Smith, and Willford, 2007. 

 

          
                                    (a)                                                     (b) 

Figure 7. Simplified models of the damped outrigger systems in (a) series (b) parallel, Gamaliel,               

               2008.   
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Figure 8. Hysteretic Loop for Viscous Damper 

 

                        
        Figure 9. Damper in parallel                          Figure 10. Damper in series 

 

       
Figure 11. Plot of horizontal displacement profile under static loading. 
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Table 1. (The values for ΔX and Δa) 

 

    Level                ΔX(m)                       ΔX(m)                           Δa(m) 

    (from         Configuration           Configuration        The allowable drift                         

  the top)              (1)&(4)                     (2)&(3) 

    36                      0.0422                       0.0404                          0.0800        

    35                      0.0421                       0.0404                          0.0800 

    34                      0.0420                       0.0404                          0.0800        

    33                      0.0415                       0.0404                          0.0800     

    32                      0.0420                       0.0403                          0.0800    

    31                      0.0420                       0.0402                          0.0800   

    30                      0.0419                       0.0401                          0.0800   

    29                      0.0417                       0.0400                          0.0800  

    28                      0.0415                       0.0398                          0.0800   

    27                      0.0413                       0.0396                          0.0800    

    26                      0.0410                       0.0392                          0.0800    

    25                      0.0406                       0.0390                          0.0800    

    24                      0.0403                       0.0385                          0.0800    

    23                      0.0398                       0.0380                          0.0800    

    22                      0.0392                       0.0375                          0.0800    

    21                      0.0386                       0.0369                          0.0800    

    20                      0.0379                       0.0361                          0.0800  

    19                      0.0371                       0.0354                          0.0800    

    18                      0.0362                       0.0346                          0.0800  

    17                      0.0352                       0.0338                          0.0800  

    16                      0.0342                       0.0327                          0.0800    

    15                      0.0329                       0.0316                          0.0800  

    14                      0.0316                       0.0303                          0.0800    

    13                      0.0302                       0.0291                          0.0800    

    12                      0.0286                       0.0275                          0.0800    

    11                      0.0269                       0.0260                          0.0800    

    10                      0.0251                       0.0242                          0.0800    

    09                      0.0231                       0.0223                          0.0800    

    08                      0.0210                       0.0204                          0.0800    

    07                      0.0188                       0.0181                          0.0800    

    06                      0.0163                       0.0158                          0.0800    

    05                      0.0137                       0.0134                          0.0800    

    04                      0.0110                       0.0107                          0.0800    

    03                      0.0081                       0.0078                          0.0800    

    02                      0.0050                       0.0048                          0.0800    

    01                      0.0017                       0.0017                          0.0800 
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Table 2. (The values for φ) 

 Level                                                                             φ                            φ 

 (from          (KN)            (KN)            (KN)         Configuration     Configuration                                                   

the top)                                                                     (1)&(4)                (2)&(3) 

   36             1168            1168             12000              0.0197                 0.0189                                                                                    

   35             1111            2280             24000              0.0201                 0.0193                                                           

   34             1055            3335             36000              0.0206                 0.0198                                                       

   33             1001            4335             48000              0.0209                 0.0203                                                      

   32             948              5283             60000              0.0217                 0.0208                                                        

   31             896              6180             72000              0.0222                 0.0214                                                        

   30             846              7024             84000              0.0228                 0.0218                                                       

   29             796              7820             96000              0.0233                 0.0223                                                        

   28             748              8568             108000            0.0238                 0.0228                                                        

   27             701              9270             120000            0.0243                 0.0233                                                         

   26             656              9925             132000            0.0248                 0.0237                                                         

   25             612              10537           144000            0.0252                 0.0242                                                         

   24             569              11106           156000            0.0275                 0.0246                                                         

   23             528              11634           168000            0.0261                 0.0249                                                          

   22             488              12122           180000            0.0265                 0.0253 

   21             449              12570           192000            0.0268                 0.0256                                                                      

   20             412              12981           204000            0.0271                 0.0258                                                         

   19             376              13357           216000            0.0273                 0.0260                                                         

   18             342              13700           228000            0.0274                 0.0262                                                         

   17             309              14008           240000            0.0274                 0.0263                                                                                                          

   16             277              14284           252000            0.0274                 0.0262                                                               

   15             247              14532           264000            0.0272                 0.0261                         

   14             219              14741           276000            0.0269                 0.0258                                                               

   13             192              14933           288000            0.0265                 0.0255                                                              

   12             166              15100           300000            0.0258                 0.0248                                                          

   11             142              15243           312000            0.0250                 0.0240                                                         

   10             120              15363           324000            0.0241                 0.0232                                                         

   09             100              15463           336000            0.0228                 0.0220                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

   08             81                15545           348000            0.0214                 0.0208                                                                                                             

   07             64                15670           360000            0.0196                 0.0189                                                                    

   06             48                15694           372000            0.0176                 0.0170                                                                    

   05             35                15715           384000            0.0152                 0.0149                                                                            

   04             23                15738           396000            0.0126                 0.0122                                                                   

   03             14                15752           408000            0.0095                 0.0092                                                                    

   02             6                  15759           420000            0.0061                 0.0058                                                                  

   01             2                  15761           432000            0.0021                 0.0021                                                                             


