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Abstract. In common structural design practice, the foundation loads from structure analysis are obtained without allowance for soil settlements, and the foundation settlements are estimated under the assumption of a perfectly flexible structure. However, the stiffness of the structure influences the distribution of the load transferred to the foundation; and hence the settlements, and soil settlements affect the load distribution on the foundation and the stresses set up in the structure. This paper presents an efficient and simple procedure for the analysis of the interaction behavior of two-dimensional framed structures supported by spread footings founded on different soil profiles. The interactive behavior between soils and a variety of two-dimensional multi-bay framed structures was evaluated. Interaction between soil and structure has been found to significantly affect the estimated settlements, footing loads, and internal forces in the superstructure members. The footing loads were found to increase or decrease due to the consideration of the effect of soil-structure interaction. This comparably influenced the internal forces and stresses within the structure members.  

Keywords: Soil-structure interaction, soil settlements, differential settlements, computer program, structural analysis, load redistribution.

Introduction

In current design practice, structural engineers usually disregard any influence that the settlement of the supporting ground may have on the response of framed structures. Likewise, in foundation design, analysis of actual settlements are based upon a flexible loading pattern with no assessment of the effect of the stiffness of the structure on the patterns and magnitudes of foundation settlements. Although this procedure of neglecting the coupling or interaction between soil and structure tends to simplify the mathematical analysis of the problem, it is, however, an oversimplification of reality.

Previous studies have indicated that interaction effect between soil and structure can be quite significant, particularly for the cases of highly compressible soils [1-5]. The 

foundation differential settlements influence the load transmitted from one column to another, and hence the redistribution of forces in the superstructure members. The magnitude of the load redistribution is dependent on the stiffness of the elements of the superstructure as well as the magnitude of the differential settlement. Foundation settlements may introduce new conditions of load distribution in the structure, cause distress and cracking of its elements, particularly those in the lower stories, generate appreciable change in footing reactions, and may even lead to stress reversal [6]. 

Soil settlement, on the other hand, is a function of the flexural rigidity of the superstructure [7]. The assumption of perfect flexibility may be a reasonable approximation for low structures or flat-plate apartment but cannot correspond to reality for frames possessing beams of short span lengths and deep sections, especially in the case of high building structures [1,8]. The structural stiffness can have a significant influence on the distribution of the column loads and moments transmitted to the foundation of the structure, and load redistribution may modify the pattern of or mitigate settlements. Increase stiffness of the frame generally reduces differential settlement, and when the soil is soft the interaction is beneficial [9]. 

An economic solution to a differential settlement problem can be found by suitable design and detailing of the structural members and finishes. The common practice of obtaining foundation loads from structure analysis without allowance for foundation settlement may result in extra cost that might have been avoided had the effect of soil-structure interaction (SSI) been taken into account in determining the settlements. Little [10] has estimated that in the case of one particular type of building the cost of preventing cracking by limiting movements in the structure and foundations could easily exceed 10 percent of the total building cost, and may be more than the cost of the foundation themselves in many cases. Accommodation of movement without damage leads to significant overall economy as well as improved serviceability. 

This paper presents an efficient and modular algorithm that provides a simple computational tool for the analysis of the interaction behavior of two-dimensional steel or reinforced concrete framed structures supported by spread footings, founded on different soil profiles. The effect of interaction on the predicted settlements, footing loads, and internal forces of structural members of a variety of two-dimensional multi-bay framed structures is also investigated.

Overview of Soil-structure Interaction Modeling

In spite of the fact that routine design practice commonly considers soil and structure as two independent systems, realization of the importance of considering interaction of structure, foundation and underlying ground has been recognized for quite sometime. Numerous studies have been carried out by many research workers to assess the influence of the phenomenon of soil-structure interaction in framed structures. 

Using slope deflection techniques together with empirical pressure/settlement curves, Meyerhof [11] analyzed simple plane multi-story frames founded on isolated footings. The analysis disregarded the influence of the stresses beneath one footing on the settlements at adjacent footings. Another approximate method was proposed by Meyerhof [6] and Sommer [12] in which the flexural rigidity of the superstructure is accounted for by replacing it with a beam of equivalent stiffness. 

A more practical way of de-coupling the problem has been proposed by Chamecki [1], which is similar in principle to that of Meyerhof [11]. According to this technique, initial footings loads are evaluated with the assumption that no settlements occur. Then settlement under each footing is calculated under the corresponding load on the basis of perfect flexibility. The resulted settlements in turns lead to new footings loads that are used to compute new settlements. Iterations are made until the difference in settlement between two successive iterations is within a specified tolerance. Due to the computational difficulties existed at that time, Chamecki was obliged to make various approximations. 

Real progress in the area of soil-structure interaction has taken place with the advent of digital computers. The iterative nature of soil-structure problem makes it an ideal choice for computer applications. Several techniques have been adopted in which the interaction between soil and superstructure is modeled. One procedure has been to use a standard structural analysis package and the supporting soil medium is replaced by a Winkler or a linear elastic, isotropic, homogeneous half space models [2,3,7]. 

In another approach that is based on the finite element method, the soil and the structure are considered as a single system that is represented by one-, two- or three-dimensional elements [4, 13-15]. A crude technique for de-coupling the problem was proposed by Palmer and Kenney [16], in which one finite element model is used for the structure and another model for the soil. The deformation of the two systems is made compatible by manual iteration procedure. 

The superiority of the finite element method in soil-structure interaction analysis is obvious as it can give a more realistic modeling of the complete structure-foundation-soil system and provides extensive information about the performance of the system. However, it requires a considerable effort in preparing input data, especially if the material behavior is described by nonlinear stress-strain relationships. Furthermore, the behavior of soil medium and structure members is usually assumed to be elastic. Although assumption of linear elasticity for superstructure may be considered to some extent acceptable, soil behavior is, however, far from being elastic. The last thirty years have witnessed the proposition of enormous number of soil models ranging from simple non-linear elastic models [17] to highly sophisticated incremental elastoplastic-viscoplastic constitutive models [18,19]. However, implementation of the advanced soil models into finite element codes for the purpose of soil-structure interaction has been hindered by many factors, among them are the unfamiliarity of practicing engineers with the formulation, capabilities, and limitations of the constitutive models. 

Therefore, while the trend has been toward more sophisticated modeling and analysis procedures, simple procedures can often be very effective in assessing soil-structure interaction effects, particularly, in obtaining preliminary estimates of such effects for design purposes. Furthermore, the designers of the structures are mostly interested in the influence of the subsoil on the structure behavior and not in the stress and strains in the whole subsoil mass below the foundation and surrounding structures. 

Various investigators have adopted the approach proposed by Chamecki [1], all differed only in the way the settlement, or the stiffness of the soil, is evaluated.  Wood and Larnach [5], Focht et al. [20], and Dulacska [21] considered the soil as homogeneous, isotropic and linearly elastic material and the surface displacement is obtained by integrating the vertical strain beneath the point under consideration. Weigel et al. [22] expressed soil settlements in terms of Terzaghi’s one-dimensional model for the case of clay soils and Schmertmann's theory for the layers in which the soil is sand. The solution procedure has some distinct disadvantages; the most prevalent is the quite inefficient way in which the analysis is carried out. As will be demonstrated later in this paper, the analysis of SSI problem requires the execution of two programs. The footing loads are calculated using a commercial structural analysis package and the settlement is calculated by another program. The user must run the structural analysis program for each footing in the system in order to obtain the stiffness influence coefficients. This makes the procedure cumbersome and time consuming, especially for a large number of footings. 

Algorithm for Soil-structure Interaction Analysis

Methodology

The methodology adopted is not new in itself.  It was, however, cumbersome and has become practicable only with the advent of digital computer. It is similar in principle to the procedure suggested by Chamecki [1]. It first involves the application of the initial loads on the structure with zero settlement assumption and reporting the reactions at the foundations. Settlements of footings due to the vertical reactions are then calculated. The initial loads obtained by assuming no differential settlements are again applied to the structure in addition to settlement, and a new set of reaction values are evaluated. Iteration is made until the difference in fixed reactions and settlements between two successive iterations is within a specified tolerance. 

The main feature of the presented analysis over the procedure of Weigel et al. [22] is in terms of efficiency, where in this study the structural analysis and settlement calculations are carried out in a single, integrated, modular computer program. Besides, soil settlements calculation routine is more general in terms of possible number of soil profiles and layers, number and shape of footings, and it implements several innovative features regarding problem definition, stress increase evaluation, and scheme of sublayering of layers in the soil profiles.  

The developed program named SOSiA (SOil Structure interaction Analysis) deals with two-dimensional multibay steel or reinforced concrete structures founded on isolated spread footings resting on different types of soil. Typical skeleton frame supported on isolated spread footings is shown in Fig. 1. The connection between columns and footings can be either fixed or hinged. However, it is assumed that the soil offers flexibility only to the vertical displacement of the node points at the common interface between the footing and the soil. 
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Fig. 1. Typical skeletal frame supported on isolated footings.

Program components

The algorithm of SOSiA is designed such that it is made of a main program that calls two major modules. The first module named Soil_Pro estimates soil settlements and the second module called Stru_Pro is for the analysis of structure. Both Soil_Pro and Stru_Pro are made of a master subroutine that is supported by a number of subroutines. The two modules are self-complete and each can stand alone. Stru_Pro can, therefore, be used to perform conventional structural analysis with complete ignorance of the supporting soils. Similarly, if the effect of structure stiffness is ignored then settlement of soil layers can be estimated using only Soil_Pro. 

Dividing the program into two self-complete modules one for the structure analysis and the other for the estimation of soil settlement was found convenient during the development stage of the code as well as for further development of the program. It is possible to add new features or modify any of the two routines without the prospect that Soil_Pro or Stru_Pro being affected by modifications that may be made in the other. A simplified flowchart of SOSiA algorithm is shown in Fig. 2, and a more detailed description of the structure and features of the program can be found in [23].

[image: image23.png]Bending moment (kN-m)

120

100

2.4
o

*)]
o

H
Q

—@— With interaction

-=©- - Without interaction

Member ID.




Fig. 2. Flowchart for SOSiA algorithm.
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Fig. 2. Flowchart for SOSiA algorithm

Fig. 2. Flowchart for SOSiA algorithm (continued).

Analysis options

Upon the execution of the program, the user can choose the type of analysis to be performed or if it is simply required to echo input data for soil, structure, or both soil and structure. Depending on the user’s choice, the program performs one of the following tasks by choosing the appropriate value for the analysis flag: 
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In the first option, only Stru_Pro is called and conventional structural analysis is performed based on the implicit assumption that the supporting soil is perfectly rigid. If the second option of analysis is selected, Soil_Pro is called and settlements of footings are calculated neglecting the effect of the structure stiffness. The third option is similar to the second option except that, in the latter Soil_Pro reads the loads of footings while in the former the footing loads are obtained by Stru_Pro, and then transferred to Soil_Pro which utilizes them in calculating soil settlements.

In the case of a full soil-structure interaction analysis (i.e. fourth option in Eq. (1)), Stru_Pro first computes the load on each footing, assuming all settlements to be zero. The loads are then transferred to Soil_Pro routine, which uses them to compute footing settlements. The calculated settlements are returned back to Stru_Pro routine that uses these settlement values in calculating new footing loads. Iteration is repeated until the difference in settlements between two successive iterations is within a specified tolerance. The footing loads and settlements obtained in the last iteration are the true values, which include the effect of soil-structure interaction. 

Structural analysis 

The structural analysis used in the program is based on stiffness matrix method. The members’ stiffness matrices are calculated in local coordinates and then transformed into global coordinate system. The master stiffness matrix (system stiffness matrix) is then composed by assembling the individual stiffness matrices of the members.  The program deals with rigidly connected and pin connected members at either ends of the member. The two-dimensional frame member having axial, shear and bending moment about major axis is used in this study. The material and geometry are assumed linear elastic. 

The coordinate system is shown in Fig. 3. Each member has two nodes and three degrees of freedom per node. These degrees of freedom are axial displacement, transverse displacement, and rotation. Corresponding to these deformations are the axial force, the shear force, and the bending moment. The governing stiffness matrix equation based on system equilibrium can be written in the form:
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The method of mixed force-displacement equation is used to solve both reactions and displacements in the same equation. After inputting the boundary conditions and forming the mixed force-displacement equations, Gauss-Elimination method based on half band stiffness matrix is used for solution of the equations. 


Fig. 3. Coordinate system for a 2D frame member.

Structure module

Stru_Pro routine is devoted to the analysis of two-dimensional frames subjected to any type of loading plus any vertical settlement of footings. This subroutine calls another twelve subroutines which altogether form a complete structural analysis, including the reading of structural input data, formation of member stiffness matrix, transformation of local stiffness matrices and force vectors, superposition of global stiffness matrix and global force vector, input of boundary conditions into the stiffness equation, solution of nodal displacements and reaction forces, calculation of end forces for each member at last iteration and printing all output results including global displacements and forces and member end forces. The program is based on matrix structural analysis including axial deformation.  The stiffness matrix is assembled in half-band form to minimize the size and the required space in computer memory. 

Since the program needs the footing loads in every iteration, Stru_Pro solves for reaction forces directly together with the nodal displacements. This is done by forming the mixed force-displacement vector by modifying the stiffness matrix equation according to the prescribed boundary conditions and solving this modified equation for all degrees of freedom. The solution vector is then separated into displacement and reaction components.

Stru_Pro is able to accept boundary conditions at which no footings are provided. This is helpful in cases of rigid supports that do not rest on flexible soil. Stru_Pro is designed to serve as a stand-alone structural analysis subroutine by selecting option 1 in Eq. (1). If this option of analysis is selected, the user should be able to introduce any prescribed footing settlement. However, in case of soil-structure analysis (Analysis Flags 3 or 4 in Eq. (1)) the settlement values are provided by Soil_Pro routine in every iteration. The user in this case should introduce zero value for settlement in the structure module input data file.

Settlement calculations

Following the conventional approach, the soil total settlement is divided into three components; immediate, primary, and secondary. The immediate settlement for clay soils is obtained from elasticity solution [24] or the semi-empirical formula proposed by Christian and Carrier [25]. For sandy layers, the immediate settlement is also evaluated from elasticity solution or obtained using the semi-empirical strain influence factor proposed by Schmertmann et al. [26]. The primary consolidation settlement is expressed in terms of Terzaghi’s one-dimensional model and secondary settlement is estimated using Buisman’s equation [27]. 

Settlement module
The settlement of soil is evaluated by a set of subroutines, which consists of a master subroutine Soil_Pro supported by 29 subroutines. The soil profile data and footing data are set independently, and then the program superimposes the footings on the top of the soil profile. The program first reads soil data as a number of profiles. Each soil profile is assigned an identification number, and it may contain a single layer or many successive soil layers of different types and characteristics. After reading the identification number of the profile as well as the depth of groundwater table measured from the ground surface, the data for the successive layers in the profile are read. 

Each soil layer can be taken as a single layer. However, for more accuracy in calculating primary consolidation settlement, each clay layer can be divided into a number of sublayers. Soil_Pro incorporates two sublayering schemes. The maximum thickness for sublayers can be set and the program determines the number of sublayers accordingly. The second option of sublayering is to specify the number of sublayers in which a certain clay layer is to be divided.  The sublayers can be specified to be all of equal thickness, or the thickness can be increased at a specified ratio as sublayers get far from the base of the footing. 

After reading soil data of all layers in all profiles and making the necessary sublayering, if required, Soil_Pro reads footing parameters which includes footing identification number, width, length, depth, coordinates, rigidity, and the identification number for the soil profile supporting the footing. Based on the values of the coordinate of the footings, Soil_Pro uses the method of superposition and the Boussinesq’s equation and find the stress increase at the middle of any sublayer due to the loads coming from all footings. If only settlement calculation is required without consideration of interaction effect, the footing loads has to be provided to the Soil_Pro module. If, however, a full soil-structure analysis is performed, then the footing loads are calculated from the structural analysis made by Stru_Pro routine and then transferred to the Soil_Pro routine. The rest of footing parameters (i.e. footing identification number, width, length, depth, coordinates, and rigidity) are always provided to the Soil_Pro routine. 

Convergence method

Solution of soil-structure interaction problem is commonly of an iterative nature, and for a computer program to be efficient, it must be written such that it uses a minimum amount of computer time. This requires a minimum amount of calculations, especially those of repetitive nature. This can be achieved by limiting the number of iterations within acceptable limits of accuracy.

The SOSiA program starts with structural analysis assuming rigid soil. The footing loads obtained from this iteration are then fed to the soil subroutine to obtain the corresponding footing settlements. These settlements are applied back to the structural system in addition to the original loads and the second iteration footing loads are calculated. This iterative procedure is continued until the absolute values of change in footing settlements between two successive iterations for all footings are within acceptable tolerance. Convergence can be fairly rapid, particularly if an overcorrecting factor is used. However, the actual rate of convergence is a function of the geometry of the structure and the stiffness of the structure relative to the stiffness of the supporting soil.

The above method of iteration is called simple iterative method.  The convergence and speed of this method is not assured in all cases of structure and soil systems.  In this study, convergence was found to be affected by the stiffness of the superstructure, the layout of the foundation, and the property of the soil. In the iterative process mentioned above, the most important step was how to adjust the settlement after each iteration. This virtually affected the possibility of divergence or the number of iterations in the case of converged solution. 

Different solution procedures have been attempted to reach a suitable numerical technique with a reasonable convergence speed and stability. In one procedure, simple averaging of the last two settlements was taken as an input to the next structural analysis iteration. When convergence of solution does occur it was reasonably fast. However, in many problems solutions diverge, particularly where the frame is very rigid or the differential settlements are substantial. Besides, in some instances convergence was found to occur prematurely at incorrect settlement values. 

Therefore, another convergence procedure was adopted which is based on a weighted average settlement.  In this procedure, the footing settlement obtained from the soil subroutine is modified before it is used in the next iteration of structural analysis. The modified values of settlement are determined according to the following formula:
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(             =   integer factor

Several runs were made to determine the effects of the soil stiffness and soil compressibility on the solution convergence. Numerous trials have indicated that, using ( = 4 stabilizes the footing settlements and loads against drastic change or sign reversal. It also leads to convergence in a moderate number of iterations and always produces correct results. 

Numerical Examples

The reliability of the soil subroutine, Soil_Pro, was first ascertained by comparing its results with that obtained from finite element analysis as well as by evaluating settlements under different conditions. The performance of the structural analysis subroutine, Stru_Pro, was also evaluated through comparison of its results with results determined from an available commercial package. A full account of the individual performance of the two modules is provided in Al-Shamrani and Al-Mashary [23]. Due to space limitation, discussion herein is limited to soil-structure interaction problems.

In this section, the capabilities and features of the SOSiA program are demonstrated by presenting three example problems of two-dimensional multi-bay frame structures supported on isolated footings. These examples will serve to illustrate the effect of soil-structure interaction on the predicted footing loads and settlements, and internal forces of structural members. 

Sample analysis 1: single-bay two-story steel frame

The structural part of this problem is a single-bay two-story steel frame subjected to gravity plus lateral loading. Details of the frame and loading are shown in Fig. 4. The column base is rigidly connected to Footing 1 while for Footing 2 the column base is assumed pinned so that no moment loads would be applied to the foundation. The structure is prevented from sway in the first floor by a roller.  This shows the capability of the program to handle boundary conditions other than footing support.


Fig. 4. Single-bay two-story steel frame for sample analysis 1.

The structure is supported by a 7 m-thick overconsolidated clay with initial void ratio, eo = 0.9, compression index, Cc = 0.2, recompression index, Cr = 0.02, overconsolidation ratio, OCR = 1.2, and unit weight,  ( = 18 kN/m3.  The water table is taken to be at the ground surface. The clay layer is divided into three sublayers.  The thickness of the top sublayer is 1.0 m and the other two sublayers are 3 m-thick each.  The footings are rigid square (1.5 m ( 1.5 m). The first footing is located at the ground surface whereas the depth of the second footing is 1.0 m.

The solution converged after about 7 iterations with 1.0-mm tolerance. The relatively fast convergence of this example problem verifies the effectiveness of the convergence method expressed in Eq. (3). The behavior of the problem during iterations is shown in Fig. 5 and Fig. 6 for settlements and footing loads, respectively. The two figures display smooth convergence from the case of no interaction to the case of full interaction between the structure and the supporting soil.  The two results of the two figures also demonstrate the significant effect of soil-structure interaction as reflected on both settlements and loads of footings. Settlements have, for instance, changed from 90 mm and 49 mm to 78 mm and 57 mm for Footing 1 and Footing 2, respectively. Because of balancing of footing settlements, the load for Footing 1 reduced from 69 kN to 54 kN whereas Footing 2 load increased from 91 kN to 106 kN. It is also noted that when interaction between the frame and its supporting soil was considered in the analysis, the differential settlement was only 21 mm. This is significantly lower than the value of 41-mm differential settlement obtained when the load redistribution was not taken into account. 


Fig. 5. Settlement covergence of sample analysis 1.


Fig. 6. Footing load convergence of sample analysis 1.

Sample analysis 2: four-bay two-story reinforced concrete frame

This sample analysis was found as a good example to calibrate the iterative procedure within the program in order to deal with ill behaving problems in which simple iterative procedure might lead to tensile footing forces during iterations. The structural part of this problem is a four-bay two-story framed structure. The beam cross-sections are 0.25 m x 0.60 m and the columns have a cross-section of 0.30 m x 0.50 m.  The material of this structure is reinforced concrete with Elastic modulus of 2.482 x 107 kN/m2. The effective moment of inertia of the sections is used and taken as 60% of the gross moment of inertia. The structure is subjected to both gravity and lateral loading as shown in Fig. 7. The frame is supported on five rigid square footings located at the ground surface. The footings for the interior columns are 1.5 m square; while for the exterior columns the footings are 1.0 m square in plan. The depth for all footings is 1.0 m. The column bases are assumed pinned so that no moment loads would be applied to the foundations.

The soil profile consists of three layers. The top and bottom layers are, respectively, 2 m – and 5 m- thick normally consolidated clay.  A 3 m-thick sandy layer separates the two clay layers. The clay layers have the following properties: unit weight,  ( = 18 kN/m3, initial void ratio, eo = 1.20, compression index, Cc = 0.20, coefficient of secondary consolidation, C( = 0.01, Young’s modulus, Es = 20000 kPa, and Poisson’s ratio, ( = 0.25. The time corresponding to 100% primary consolidation is taken to be one year and the secondary settlement is estimated for an elapsed time of five years.  The sand layer has a unit weight, ( = 15 kN/m3, elastic modulus, Es = 20000 kPa, and Poisson’s ratio ( = 0.3. The same soil profile exists under all of the five footings.  The water table is located at 3 m below the ground surface. For a more accurate estimate of the primary consolidation settlement, the clay layers are divided into sublayers of 1.0-m thickness. 


Fig. 7. Four-bay two-story reinforced concrete frame for sample analysis 2.

It took 23 iterations to reach convergence at a tolerance of 1 mm. However, as shown in Fig. 8, solution actually converged after about 6 iterations. After that, the change in settlements of footings is very minimal. The soil-structure interaction effect is very noticeable on settlement and loads. The results show that because the superstructure contributes additional stiffness, the differential settlement of soil was reduced to 10 mm, compared with the 31 mm for the case of uncoupled analysis, in which the soil settlement estimation and structure analysis were considered independently. Settlements of Footing 1 and Footing 2 have, respectively, changed from 91 mm and 122 mm to 104 mm and 114 mm. The loads of the same two footings have changed from 103 kN and 285 kN to 133 kN and 251 kN.  This of course will reflect on the distribution of forces and bending moments within the structure as will be seen in the next example.


Fig. 8. Settlement convergence of sample analysis 2.

Sample analysis 3: two-bay two-story steel frame

The problem of this sample analysis is a two-bay two-story steel plane frame with pin-based columns and symmetric gravity loading as shown in Fig. 9. The concentrated loads at beam-to-column junctions are due to self-weight of the members. The footing for the interior column is 1.3 m square; while for the exterior columns the footings are 0.91 m square in plan. All of the three footings are located at the ground surface. The underlying soil is a 6.1 m-thick normally consolidated clay that has the following properties: initial void ratio, eo = 0.9, compression index, Cc = 0.25, and unit weight,  ( = 17.3 kN/m3.  The water table is at the ground surface.  


Fig. 9. Two-bat two-story steel frame for sample analysis 3 (after Weigel et al. [22].

This problem was analyzed by Weigel et al. [22]. They first analyzed the frame and determined the initial values for the footing loads using the software package STAAD-III [28]. The structural stiffness matrix was then obtained by running the same program several times, where in each run a load transfer coefficient, Kij, was obtained for footing i by applying a unit downward displacement at footing j. These load transfer coefficients are in actuality the stiffness influence coefficients. They are functions of the rigidity of the structure, and they together form the structural stiffness matrix on the settlement degrees of freedom. These coefficients were used to calculate the current load, Pi, on any footing i, including the influences of transferred loads. Equations were formed for all footings in the structure, which are three in this example. This lead to a system of nonlinear equations that were solved numerically, and solutions for these equations were the final settlements of the spread footings, including the effects of load redistribution. 

Our aim herein is to examine the effect of the soil-structure interaction on the settlement, reactions, and forces using the developed SOSiA program, and compare the results with the results obtained in [22]. Following the procedure of Weigel et al. [22], the clay layer was divided into 10 sublayers all are of equal thickness. Comparisons of footing loads and footing settlements are tabulated in Table 1. This table shows the initial footing loads and settlements for the three footings for the case of no load redistribution, and the final footing loads and settlements considering the effect of soil-structure interaction.

It can be observed from Table 1 that SOSiA results are very close, if not identical, to the values obtained in [22]. The very minor difference between Weigel et al. [22] values and the results obtained by SOSiA program may be partly attributed to the approximate method employed by Weigel et al. [22] for estimating the vertical stress increase, (P, at the middepth of soil layers. As stated previously, in SOSiA program the footing load is considered to be uniformly distributed, and based on the values of the coordinate of the footings, Soil_Pro routine uses the method of superposition and the Boussinesq’s equation to find (P at the middle of any layer due to the loads coming from all footings. 

Table 1.  Footing loads and settlements for sample analysis 3


SOSiA
Weigel et al. [22]

(1)
Footings 1&3

(2)
Footing 2

(3)
Footings 1&3

(4)
Footing 2

(5)

Initial footing loads with no

interaction (kN)
130
301
129
302

Initial footing settlement with no interaction (mm)
308
395
305
396

Final footing loads (kN)
163
234
163
234

Final footing settlement (mm)
338
356
335
356

No. of iterations at convergence
28
40

Convergence tolerance
1 mm
Was not specified

Weigel et al.[22], however, used rather approximate procedure and distinguished between two possible cases. The first case is when (P under the footing is caused by the load on another footing, or if the middepth of the layer or sublayer is greater than 0.61 m (2 ft), then (P is computed based on the Boussinesq’s equation for a point load. If however (P in the soil layer under the current footing is due to the load on that footing and the middepth of soil layer or sublayer is less than 0.61m then the footing is divided into a number of 0.093 m2 squares (1 sq. ft) and the equivalent load in each square is calculated by dividing the total footing load by the number of squares. This equivalent load is then substituted into the Boussinesq’s equation and the increase in pressure of the middle of the layer is computed for each square. The value of (P for the soil layer is equal to the summation of stress values from all of the squares. 

One important observation to be made on the results of Table 1 is about the number of iterations taken to reach the convergence.  SOSiA took 28 iterations to reach the same results that required 40 iterations in Weigel et al. [22] analysis. However, the tolerance for convergence was not included in the aforementioned publication. With less stringent convergence condition, SOSiA solution could have been obtained much earlier than the 28th iteration. It is also important to point out that SOSiA needs to be run only once whereas Weigel et al. [22] procedure requires several time running of two separate programs, one for the structural analysis and the other for solving for foundation settlements.

 The results of Table 1 also illustrate the effect of the interaction on the footing loads and settlements. The redistribution and balancing between footings are very well displayed. As a consequence of the interaction the loads for the exterior footings increased from 130 kN to 163 kN while the interior footing load decreased to 234 kN compared to the initial value of 301 kN. Therefore, as the frame attempted to adjust to footing settlements, approximately 67 kN of load were transferred from the interior footing to the exterior footings. 

Because damage commonly is related to variations in the settlement at different locations in the building, the differential settlement is usually of more interest than absolute settlement. The current criteria for design of frame structures usually express tolerable differential settlement in terms of angular distortion, (, which is the differential settlement between two points divided by the distance between the points [29-31]. Skempton and MacDonald  [32] recommended that to provide factor of safety against cracking the value of ( should be 1/500 or less. 

It is seen in this example that ignoring the interaction effect, the computed differential settlement is about 87 mm. However, when the interaction effect between the frame and its supporting soil was taken into consideration, the differential settlement was only 18 mm. Thus, when the interaction was ignored, ( = 1/70 which is significantly greater than the allowable value of 1/500. Actually, severe structural distress has been linked to ( = 1/150 [22]. When, however, the interaction effect was considered, ( = 1/339 which is still larger than 1/500 but reasonably less than 1/150. 

It is interesting to note that Terzaghi and Peck [33] suggested that “Most ordinary structures, such as office buildings, apartment houses or factories can withstand a differential settlement between adjacent columns of 19 mm”. It is therefore seen in the present example that, if interaction effect is considered the computed differential settlement of 18 mm is sufficiently small and the design can be considered acceptable or merely required some minor changes to make the load more evenly distributed so as to produce relatively uniform settlement. However, if the soil-structure interaction is ignored in the analysis the estimated differential settlement of 87 mm is unacceptably too large. This would probably lead engineer to resizing of the structure members and footings, or perhaps changing foundation system to either mat or pile foundation. It should, however, be pointed out that in the presented analysis the behavior of the structure is assumed to be linear elastic. Under a differential settlement of 87 mm, it is quite possible that the actual behavior of most members in the frame will be neither linear nor elastic. 

The absolute maximum end moments for the members of frame 3 are plotted in Fig. 10. The effect of interaction between the frame and its supporting soil on end moments is apparent, especially for members 4 and 6 where the end moment is almost doubled. Table 2 shows the bending moment values at the two ends of each member of the frame based on the cases of: (1) no allowance for settlement (rigid soil), (2) settlement is allowed but no interaction is considered (one iteration solution), (3) full soil-structure interaction analysis. These three cases, respectively, correspond to options 1,3 and 4 in Eq.(1). The percentages of the values of the first two cases to the case of full interaction case are also tabulated. 


Fig. 10. Maximum absolute end moments with and without interction.

Table 2. Interaction effect on bending moments of sample analysis 3


Bending moment (kN-m)



Full soil-structure 
Settlement allowed

but no interaction
No settlement 

allowed

Member
Joint
interaction
Value
% of final
Value
% of final

1
1
0
0
0
0
0

1
4
-33
-90
273
-18
55

2
2
0
0
0
0
0

2
5
0
0
0
0
0

4
4
-74
-220
297
-38
51

4
7
-69
-220
319
-31
45

5
5
0
0
0
0
0

5
8
0
0
0
0
0

7
4
110
310
282
56
51

7
5
-41
220
-537
-110
268

9
7
69
220
319
31
45

9
8
1
210
-
-51
-

It can be seen that the displacements of the footings decisively altered the state of internal forces of the structural members. When no settlement was allowed in the analysis, the bending moment values were significantly underestimated. In most of the locations, only 45% to 50% of the real moments were obtained. However, in some locations, overestimation of the bending moments is noticed as for joint 5 of member 7 and joint 8 of member 9. On the other hand, considering only the initial settlement in the analysis, the values of bending moments can reach 3 to 5 times the real values of the full interaction, and for some members moment reversal occurred. It is noted, for example, that for member 7 joint 5, the moment changed from  -41 kN to +220 kN. 

Summary and Conclusions

The paper presented a simplified procedure for the analysis of soil-structure interaction behavior of two-dimensional skeletal steel or reinforced concrete frame structures resting on isolated footings that are supported by different types of soil. The methods of analysis incorporated into the developed computer program are consistent with what is attested in both structural and geotechnical engineering, employ commonly used and accepted parameters and principles, and produce results that are sufficiently accurate for routine design. 

The program algorithm is flexible and designed in a modular form to facilitate the incorporation of additional methods for settlement calculations or structural analysis without restructuring of its routines.  It is made of a main program that calls two major modules; one for soil settlement calculations and another for the analysis of structure. The two modules are self-complete in such a way that the structural routine can be used to perform conventional structural analysis with no consideration to the supporting soil interaction, and if the effect of structure stiffness is ignored settlement of soil layers can be estimated using only the soil routine. Dividing the program into two self-complete modules, one for structural analysis and the other for the estimation of soil settlement, facilitates the implementation of new features to either of the two modules with no alteration to the other.

The effect of interaction on the predicted settlements, footing loads, and internal bending moments of the structural members of a variety of two-dimensional multi-bay framed structures was evaluated. The results of the analyzed examples showed that load redistribution significantly modifies the pattern of and mitigates differential settlements. Furthermore, the footing loads were found to increase or decrease due to the consideration of the effect of soil-structure interaction. This had a strong influence on the internal forces and stresses within the analyzed structure to the extent that the bending moment sign at the joints of some members reversed. 

Neglecting the interaction between soils and structures may therefore result in a design that is either unsafe or unnecessarily costly. Structures and their supporting soils should, therefore, be considered as a one system, and considering their interaction is essential for reasonably obtaining accurate predictions of both soil settlements and distribution of stresses in the structural members. Even if neglecting the interaction effect does not result into harmful damages, it would, however, reduce the margin of safety, or result in over-or underestimation of the real bending moments of the structural members. 

It should, however, be pointed out that in the presented analysis the behavior of the structure was taken to be linear elastic. Under a large differential settlement, as was for instance predicted for example 3, it is quite possible that the actual behavior of most members in the frame will be neither linear nor elastic. However, the results obtained may be considered an indicative on the interrelationship between structure and its suppuration soil, and is hopeful to provide some insights of the soil-structure interaction problem. The program could aid in the design process by serving as a preliminary design tool, and using such a program, the effect of structure interaction would be made possible to practicing engineers who due to either educational or experiential background, are not well a ware of the effect of the soil-structure interaction
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حساب مبسّط للتأثير المتبادل بين التربة والمنشآت الهيكلية

مصلح بن علي الشمراني و فيصل بن عبد الله المشاري

قسم الهندسة المدنية، كلية الهندسة، جامعة الملك سعود، ص.ب. 800،

الرياض 11421، المملكة العربية السعودية

(استلم في25/11/2001م؛ وقبل للنشر في 15/09/2002م)

ملخص البحث. في واقع التصميم الحالي للمنشآت، يتم، من التحليل الإنشائي، حساب الأحمال على الأساسات بدون اعتبار لهبوط التربة ويحسب هبوط الأساسات على فرض أن المنشأة مرنة. ولكن في واقع الأمر، إنّ صلابة المنشأة تؤثر على الأحمال المنقولة إلى الأساسات ومن ثم مقدار هبوطها. كما أن هبوط التربة يؤثر على توزيع الأحمال على الأساسات ومن ثم الإجهادات المؤثرة على المنشأة. يقدم هذا البحث طريقة فعّالة ومبسّطة لتحليل التأثير المزدوج بين المنشأة والتربة للمنشآت الهيكلية ثنائية الأبعاد المحملّة على قواعد منفصلة أسست على أنواع مختلفة من التربة. وتم دراسة التأثير المتبادل بين تربة الأساس وعدة أنواع من منشآت هيكلية ثنائية الأبعاد ومتعددة القواسم. ولقد وجد  أن التأثير المتبادل بين المنشأة والتربة له تأثير كبير على كل من مقدار الهبوط، أحمال القواعد، وكذلك القوى الداخلية في العناصر المكّونة للمنشأة. فأحمال القواعد قد تزيد أو تقل عند الأخذ في الاعتبار التأثير المتبادل بين المنشأة والتربة، وهذا بدوره يؤثر على القوى والإجهادات الداخلية لعناصر المنشأة.  
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