2
2-D Finite Element Model of a Cast-In-Drilled-Hole Shaft Bridge Column

2.1
generation of the model

To evaluate overall responses of the system and assess the soil-structure interaction, a detailed analytical model of a drilled shaft bridge column was developed. A flexibility-based fiber model was selected to model the reinforced concrete shaft/column, primarily because this model is based directly on material information and the evolution of damage could be tracked at all times (e.g., maximum concrete or steel strain, curvature ductility). The finite element software framework, OpenSees (http://opensees.berkeley.edu/OpenSees/developer.html), being developed by the Pacific Earthquake Engineering Research (PEER) Center, was used for the analyses of the bridge column model. 

The model of the shaft/column/soil system was developed in two steps. The first step involved modeling the reinforced concrete shaft/column, whereas the second step involved modeling the shaft-soil interaction. The model of the shaft/column was based on the concrete and reinforcing steel properties determined from materials testing (see Part I, Chapter 3), along with considerations for the effects of the transverse reinforcement on the stress–strain behavior of the core concrete. Modeling of the shaft-soil interaction was achieved through the use of nonlinear p-y springs. Detailed information on the modeling of the system is presented in the following subsections. 

2.1.1
Material properties used for the shaft/column model 

The material properties for the reinforced concrete shaft model were derived from the tests of reinforcing bar samples and compression tests on 6 in. x 12 in. (152 x 305 mm) concrete cylinders. Stress versus strain relations were presented in Part I, Section 3.2 for the longitudinal (Part I, Figure 3.8) and transverse reinforcement (Part I, Figure 3.9), respectively, as well as for the concrete cylinders (Part I, Figure 3.10).

2.1.1.1 Analytical modeling of reinforcement stress-strain behavior

A tri-linear relation was used to model the average reinforcement stress–strain relation obtained from the tension tests. The Young’s modulus and the yield stress for the reinforcement steel were taken as 29,000 ksi (200 GPa) and 66.5 ksi (459 MPa), respectively. The strain hardening stiffness was set at 3 %, and the stress–strain behavior in compression was assumed to be the same as that for tension. The monotonic envelope for the stress-strain characteristics of the reinforcement is shown in Figure 2.1. 

2.1.1.2 Analytical modeling of reinforced concrete stress-strain behavior

Two material models were used to represent the reinforced concrete; unconfined concrete was used to model concrete outside the hoops (i.e., cover concrete), and confined concrete was used to model the concrete inside the hoops (i.e., core concrete). The unconfined concrete model was based on the concrete stress-strain curve obtained from the cylinder tests. Insufficient data were collected to model the post-peak response; therefore, the modified Kent-Park stress-strain model (Park et al, 1982) was used to complete the stress-strain relation. Better concrete models, such as Saatcioglu and Razvi (1992), could have been used; however, because use of a different concrete model would not have a significant impact on the structural response, and OpenSees includes a predefined concrete model based on the Kent Park model, the Kent Park model was used. The stress–strain relation for the core (confined) concrete was derived from the stress–strain relation for the unconfined concrete model, using the Modified Kent-Park model (Park et al, 1982). The Modified Kent-Park model is based on Eq. 2.1 and is presented in Figure 2.2.

From the materials testing, the peak cylinder strength is 
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(2.1)

Where D is the shaft diameter, d#14 is the bar diameter for #14 longitudinal reinforcement, As#8 is the cross-sectional area of the transverse reinforcement, c is the concrete cover thickness, fyh is the yield strength of the longitudinal bars, ( is the volumetric transverse reinforcement ratio, s is the vertical spacing of the transverse reinforcement, and f’c is the concrete maximum compressive strength.

For the unconfined stress-strain curve, it was assumed that for a strain of (50u, a stress of 0.85f’c was reached based on the recommendation of Saatcioglu and Razvi (1992). A multiplier of two was applied to the second term of equation for k in (2-1) to account for the effectiveness of the hoop reinforcement versus the rectilinear hoop configuration used in the development of the Modified Kent-Park model. A peak confined concrete stress of 7.32 ksi (50 MPa), with an associated strain of 0.0029 was computed using (2.1). Figure 2.3 presents the stress-strain curves for confined and unconfined concrete derived using (2.1) as well as the average relation obtained from the cylinder tests. 

The shear capacity of the section was evaluated based on the ATC 32 (1996) recommendations. According to ATC – 32, the nominal shear strength is determined as the sum of the shear strength associated with the transverse reinforcement (hoops) and the concrete. The shear strength of the circular hoops is determined as:
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Where D’ is the diameter the hoop reinforcement measured to the hoop centerline, s is the vertical hoops spacing, and As#8 is the cross-sectional area of the transverse reinforcement. 

The shear strength provided by the concrete is taken as: 
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Where Pe is the axial compressive force on the column, Ag is the gross shaft area and Ae is the effective shear area of column. The total column shear capacity is (953 + 513 =) 1,466 kips (6,521 kN).

2.1.2
Two-dimensional fiber model 

Based on the material properties and geometry of the shaft/column tested, a two-dimensional fiber element model was developed. Due to the dimensions of the shaft, flexural deformations were assumed to control the response of the structure, hence shear deformations were neglected.

A two-dimensional nonlinear, flexible-based frame element with iterative state determination was used to model the reinforced concrete shaft/column. The frame elements were 2 ft (0.6 m) long above grade and 1 ft (0.3 m) long below grade. 

The cross-sectional properties of the nonlinear elements were prescribed using fiber elements. Each section consists of a number of concrete and steel fibers, as shown on Figure 4.4. The concrete fibers represent the confined (core) concrete (180 fibers) and the unconfined cover concrete (36 fibers) of the shaft/column. The steel fibers represent the 36 #14 longitudinal reinforcement (36 fibers). 

The properties of the shaft/column were assessed by comparing the moment curvature relation at ground line obtained from the experimental study with the relation obtained from section analysis (presented in the next section). 

2.1.3
Soil model 

The lateral resistance of the soil is modeled using nonlinear spring elements, located at 1 ft (0.3 m) intervals over the height of the shaft. The load displacement response of the nonlinear spring elements were defined using API p-y curves for stiff clays above the ground water table, as well as the experimentally derived p-y curves presented in Part I. Gap and drag effects are addressed later (Chapter 4). 

A preliminary study was conducted using the API (1993) p–y curves to assess the accuracy and stability of the model global and local responses. Parametric studies were conducted to assess the distribution of springs necessary to accurately represent global and local shaft/column behavior, as well as to evaluate the influence of the initial stiffness and ultimate strength of the p-y curves. The influence of the shaft dimensions and loading conditions were also assessed.  Results from these studies provide a basis for further analytical modeling studies presented in Chapter 3 and 4. 

2.1.4
Gravity load and mass distribution

Tributary mass and gravity forces for the shaft/column were prescribed based on the geometry and density/unit weight of the reinforced concrete shaft/column. Mass and weight (gravity force) were computed for each element above and below grade, and lumped at the nodal point. In addition to the self-weight of the structure, an additional axial load, proportional to the lateral load applied at the top of the column, was imposed.

2.2
static analysis

A variety of steps were taken to assess the reliability and stability of the analytical model prior to comparing analysis and experimental results. These verification analyses were carried out using the API p-y relations, and are presented below:

1- The moment curvature relation for the cross section was developed for the shaft/column properties defined previously and then compared with the one obtained experimentally at ground line. The objective of this comparison was to assess the ability of the analytical model to capture the flexural behavior of the shaft cross-section. 

2- Nonlinear pushover analysis was performed, using the API p-y curves, to gain insight into the structural response and soil-shaft-interaction at different displacement levels (i.e., hinge location, curvature shape). 

3- Different sensitivity studies were conducted to establish the stability and convergence of the model, as well as to define the main parameters governing the structural response of the shaft/column. 

These pushover analyses are simple, not computational demanding compared to cyclic or dynamic analyses, and provide estimates of the maximum structural envelop responses. 

2.2.1
Moment curvature analysis

A moment curvature analysis was performed to compare the section capacity of the shaft/column based on the analytical model with the one obtained from experimental data. The material properties used for the model were described section 2.1. Because the axial force imposed on the tested shaft/column varies during the cyclic loading, two extreme conditions were considered: 

1- No axial load (no self weight) is applied on the shaft.

2- The maximum axial load is applied to the shaft/column; because the cables were at an angle of approximately 30 degrees (See Part I, Chapter 2), an axial load approximately equal to one-half of the lateral load is imposed simultaneously at the top of the shaft/column. Therefore, for a maximum applied lateral load of 328 kips (1,460 kN) (i.e., maximum applied load during the cyclic test), an axial load of 164 kips (730 kN) was imposed simultaneously at the top of the shaft/column. Therefore, the maximum axial applied load at ground line can be determined by the following equations: 


[image: image7.wmf](

)

kips

P

P

H

R

W

P

kips

P

testing

from

imposed

axial

testing

from

imposed

lateral

concrete

orced

re

testing

from

imposed

axial

testing

from

imposed

lateral

322

2

316

40

*

3

*

*

1000

145

2

1

*

)

(

*

316

2

_

_

max_

_

_

max_

2

inf

_

_

max_

_

_

max_

=

+

=

+

=

=

p

p

   
(4.4)

Where W is the unit weight of the reinforced concrete (145 lb/ft3; 2,320 kg/m3), R is the column radius (3 ft, 0.9 m), and H is the column height above grade (40 ft, 12.2 m). Moment-curvature relations for the two levels of axial load considered are presented in Figure 2.5. As expected, the lateral load capacity of the shaft/column increases as the axial load increases; however, the increase is less than 5%.

The moment-curvature relations computed are compared to the moment-curvature relationship derived from experimental measurements obtained at ground line and described in Part I. The curvature at ground line was interpolated based on the data recorded from inclinometers, extensometers, and fiber optic sensors, whereas the maximum moment at ground line was computed by multiplying the lateral force applied at top of the shaft/column by the moment arm (column height above ground, 40 ft (12.2 m)) The procedure to derive this moment-curvature was presented in Part I, sections 4.3 and 4.4. It can be observed form Figure 2.5 that the initial stiffness of the model is similar to the one obtained with the test results. However, as soon as the steel reaches yielding, which occurs between the 12 in. (305 mm) and 18 in. (458 mm) top shaft displacement cycles, the moment capacities obtained with the models exceed the capacity obtained from the test, by as much as 15%. This may be due to the cyclic behavior of the reinforcement, including slip between steel and concrete, and steel strain relaxation (i.e., the strains achieved in the tension reinforcement are less than those predicted, see Thomsen and Wallace (1995)). Overall, the moment – curvature model captures the shaft/column behavior reasonably well.

2.2.2
Nonlinear static pushover using API p-y curves

A pushover analysis, where an increasing lateral force or displacement is applied to the structure, is a useful tool to assess system performance. Responses computed for a pushover analysis provide an estimate of the envelope responses measured during the cyclic testing of shaft/column.

The nonlinear pushover analysis was performed in two steps: (1) under lateral load control, where the lateral load at the top of the shaft/column is increased, and (2) under displacement control, where the displacement at the top of the shaft/column is monotonically increased. Under load control, an axial load equal to one-half the applied lateral load was imposed at the top of the column. Displacement control was implemented once the lateral load approached 300 kips (approximately the yield load). No additional axial load was added after displacement control was implemented. 

The p-y curves based on the API recommendations were computed using the following parameters: c=23 lb/in2 (162 kg/mm2), (50=0.007, D=72 in (1,829 mm), gamma=0.07 lb/in3 (1.9 kg/mm3) and J=0.25 and 0.5, respectively. A diameter of 72 in. (1,829 mm) was chosen instead of 78 in. (1,981 mm) to represent the effective shaft diameter (only the concrete cover increases from 4 in. (102 mm) up to 7 in. (178 mm) below ground). These p-y curves were evaluated at one-foot increments below grade. A sensitivity study was conducted to assess the spacing of soil springs needed to adequately capture global and local responses (Figure 2.6).

2.2.2.1 
Global response of the analytical model using API p-y curves

The lateral load applied at the top of the shaft/column is plotted versus the top shaft displacement in Figure 2.7 for the pushover analysis using the API p-y curves for two different values of J (0.25 and 0.5). The yield displacement was estimated to occur when the top shaft/column displacement reached approximately 20 in. (508 mm) displacement, with an associated lateral load of 280 kips (1,246 kN). The maximum lateral load capacity of the shaft was approximately 330 kips (1,468 kN) for a top shaft displacement of about 47 in. (1,194 mm). Beyond 47 in. (1,194 mm), the capacity does not increase significantly (less than 1%).

Variation of J had negligible impact on the load–displacement response of the system; therefore, increases in the initial stiffness of the p-y relations by 10 to 15% (due to the variation of J) have only a slight impact on structural response of the system. The lateral load applied at the top of the shaft/column is plotted versus the shaft displacement at ground line in Figure 2.8. The displacement at ground line, at yield, is estimated to be 3.2 in. (81 mm). Again, variation of J has little impact on the structural response of the system. Based on these results, a value of J of 0.25 was used for the remaining analyses. Variation in the soil stiffness is addressed in a separate study.

2.2.2.2 
Local response of the analytical model using API p-y curves

The shaft displacement profiles are presented on Figure 2.9 for different force levels applied at the top of the shaft/column. The profiles indicate that the shaft displaced laterally by 6 in. (152 mm) at ground line for a lateral force of 320 kips (1,423 kN), whereas for depths greater than 25 ft (7.6 m) below grade, the shaft displacement is negligible (< 0.1 in. (2.5 mm)). 

Shear and moment distributions over the shaft/column height are presented in Figure 2.10 and Figure 2.11, respectively. Consistent with the curvature distribution, the maximum moment occurs at a depth of about 8 ft (2.4 m) below grade for an associated applied load of 280 kips (1,245 kN). Peak shear force within the shaft (600 kips (2,669 kN)) occurs below the hinge location, at approximately 18 ft (5.5 m) below grade. The shear capacity of the shaft, computed using ATC-32 (1996), is approximately 1,466 kips (6,521 kN, with 35% from concrete, 65% from hoops). Therefore, the peak shear force is only 41% of the nominal shear capacity. This is a result of the slender shaft geometry.

The curvature distribution along the height of the shaft is plotted in Figure 2.12 for increasing top lateral force for the same top displacement levels plotted in Figure 2.9. The plastic hinge forms at about 6 ft (1.8 m) below ground (~ one shaft diameter below ground), with an associated lateral load of 280 kips (1,246 kN) approximately. Yielding occurs between approximately 15 ft (4.6 m) below ground up to ground line at a top shaft/column displacement of 36 in. (914 mm). The plastic length at this displacement level is estimated to be up to 10 ft long (3.0 m), which is higher than the plastic hinge length of 8.9 ft (2.7 m) according to ATC 32 (1996) as: 
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(2.5)

Where lp is the plastic hinge length, D diameter of circular shaft, and H length of the shaft/column from ground surface to point of zero moment above ground line. 

The results obtained in these analyses using API p-y curves represent the shaft/column expected structural response. These results are compared with test results in Chapter 3. However, further studies, presented in the following paragraphs, were conducted to assess the stability of the model as well as to evaluate the how various modeling parameters influenced analytical results. 

2.2.3
Model sensitivity studies 

Sensitivity studies were performed to assess the following: 

a. Sensitivity studies on vertical distribution of soil springs, as well as the strength and stiffness of the soil springs, were performed in order to evaluate the convergence of the model for global (i.e., top displacement, shear, moment) and local (curvature, ground line behavior) responses.

b. Sensitivity studies on cantilevers were performed to assess the effect of soil participation on the response of the shaft/column. 

c. Sensitivity studies on the soil spring stiffness and strength were performed to assess the influence of the soil-structure interaction on global and local responses. 

All of the sensitivity studies were carried out using the API p-y curves, derived for the soil conditions at on the test site. The API p-y curves were derived for each depth considered, and multiplied by the vertical spacing between the soil springs to obtain p (i.e., 1 ft (0.3 m) when considering 1 ft (0.3 m) spacing, Figure 2.6). 

2.2.3.1 
Sensitivity study on vertical distribution of soil springs

One of the main concerns when developing a finite element model is to check the convergence of the model for global and local responses. Because an important aspect of this model is the representation of the soil-shaft interaction, the sensitivity of the shaft/column responses to the vertical distribution and the properties of the soil springs is of interest. Vertical spacing varying from 1 ft (0.3 m) to 9 ft (2.7 m) between the soil springs was considered (Figure 2.6). Properties of the soil springs were developed on the following properties:

· At each depth considered, the API p-y curves were derived based on the soil properties described in Part I (Chapter 3),

· These API p-y curves provide the soil spring properties per unit length; therefore, these p-y curves were factored by the given vertical spacing between soil springs (between 1 ft (0.3 m) and 9 ft (2.7 m), Figure 2.6),

· The soil springs were located at the middle of the section defined (Figure 2.6).

Five different spacings were considered: 1 ft (0.3 m), 2 ft (0.6 m), 3 ft (0.9 m), 5 ft (1.5 m), and 9 ft (2.7 m). In order to evaluate the convergence of the model at the global and local levels, different parameters were recorded during the analyses, and are presented successively in the following section.

Nonlinear pushover analysis

The lateral force applied at the top of the shaft/column versus the top shaft/column displacement and the shaft displacement at ground line are plotted in Figures 2.13 and 2.14, respectively. The spacing of the soil springs does not influence the overall structural response of the shaft significantly. This was expected for the shaft/column lateral load versus top displacement relation, as the shaft/column top displacement is dominated by the structural properties of the shaft/column more than by the soil properties. Results obtained for ground line displacement are more strongly influenced by soil properties; however, results presented in Figure 2.14 indicate that adequate results at ground line are obtained even for relatively large spacings (e.g., 5 ft (1.5 m) and 9 ft (2.7 m)). Therefore, if the focus of an analysis study is to obtain global response information, a relatively crude representation of the soil-shaft interaction is appropriate. 

Displacement, shear, moment, and curvature profiles over the shaft/column height are presented in Figures 2.15 through 2.18, for an arbitrary lateral force of 300 kips (1,334 kN) applied at the top of the shaft/column. Five cases are plotted, one for each soil spring spacing considered. Peak response quantities are summarized in Table 2.1.

Table 2.1: Peak response values for F=300 kips – Influence of soil spring spacing

	
	(
in. (mm)
	V

kips (kN)
	M

kips-in. (kN-m)
	(
1/in. (1/mm)

	Mean


	25.28

(642)
	600.3

(2,670)
	162,545

(18,365)
	1.48 e-4 

(5.8 e-6)

	Standard deviation
	0.65
	18.33
	1052.6.
	1.61 e-5

	Maximum value
	25.81

(656)
	628.8

(2,797)
	163,770

(18,504)
	1.75 e-4 

(6.9 e-6)

	Minimum value
	24.21

(615)
	577.8

(2,570)
	161,031

(18,194)
	5.3 e-4

(5.8 e-6)


From this study, it can be noticed that variation of the spring spacing has almost no impact on the shaft displacement (Figure 2.15) and moment (Figure 2.17) profiles. Shear profiles indicate that the results start to deviate for spring spacings of 5 ft (1.5 m) and 9 ft (2.7 m). Curvature profiles show the greatest sensitivity, with results for the 9 ft (2.7 m) spacing showing substantial variation from the results for tighter spacings. Given that inelastic curvature is expected to concentrate over a shaft height of approximately one to two diameters (6ft (1.8 m) to 12 ft (3.7 m)), it is not surprising that results for the wide (9 ft (2.7 m)) spring spacing show discrepancies. Results for 1 ft (0.3 m) to 3 ft (0.9 m) spacing all appear to provide satisfactory results for the shaft diameter and soil conditions considered. 

In order to validate this finding for different shaft/columns diameters, additional studies were performed on a 4 ft (1.2 m) and 8 ft (2.4 m) shaft diameter, respectively. Both models extended 40 ft (12.2 m) above ground and 48 ft (14.6 m) below ground. The same material properties used for the 6 ft (1.8 m) diameter shaft were used, and the reinforcement ratio was set at 2%. The spring spacings studied were set at 1 ft (0.3 m), 2 ft (0.6 m) and 6 ft (1.8 m) for the 4 ft (1.2 m) shaft diameter and 1 ft (0.3 m), 4ft (1.2 m) and 8 ft (2.4 m) for the 8 ft (2.4 m) shaft diameter. The detailed analyses are presented in Appendix A.

As for the 6 ft (1.8 m) diameter shaft/column, to adequately capture nonlinear curvature within the hinge region, the spacing of the vertical soil springs should be less than approximately one-half the shaft diameter. Outside the plastic hinge region, larger spacings may be used. In general, use of more soil springs is easy to implement, and does not complicate the model or solution; therefore, relatively tight spacing of soil springs is appropriate.

2.2.3.2 
Sensitivity study on the soil properties

Soil stiffness and strength would also be expected to impact local and global responses; therefore, analyses were conducted to assess how these parameters influenced computed response. In general, for the large diameter shaft considered in the test program, it was anticipated that the p–y curves derived from the test results would be stiffer than the API p-y curves; therefore, the sensitivity studies were biased towards stiffer soil springs, versus softer soil springs. 

Nonlinear pushover analysis results are compared for the API p-y curves, as well as ultimate soil resistance equal to 0.25, 0.5, 2.0, and 4.0 times the API ultimate soil resistance values. These new p-y curves are derived, at each depth, by factoring both p and y (from API p-y curves) by 0.25, 0.5, 2.0 and 4.0 respectively. This method allows keeping the same initial soil stiffness, but changes the ultimate soil resistance. The results are presented in Figure 2.19, Figure 2.20 and in Table 2.2.

Table 2.2: Influence of ultimate soil resistance

	factor
	0.25
	0.5
	1.0
	2.0
	4.0

	(y in. 

(mm)
	28.10

(714)
	25.12

(638)
	20.30

(516)
	16.86

(428)
	14.19

(360)

	(y /  (y with factor =1
	138%
	124%
	100%
	83%
	70%

	F y kips 

(kN)
	275

(1,223)
	275

(1,223)
	280

(1,246)
	280

(1,246)
	295

(1,312)

	Fy /  Fy with factor =1
	98%
	98%
	100%
	104%
	105%

	Hinge location below ground ft (m)
	8

(2.4)
	7

(2.1)
	6

(1.8)
	4

(1.2)
	2

(0.6)


A factor of 0.5 keeps the initial stiffness of the p-y curves, but decreases the pult by half, whereas factors of 2 and 4 increases pult by factors of 2 and 4, respectively. Therefore, this approach considers the effect of pult on the structural response of the shaft/column. The lower the pult, the higher the displacement at yield will be; however, doubling pult results in an increase of the lateral load capacity of the shaft by less than 5%. Therefore, variation of the soil spring ultimate resistance within the range considered, does not impact the lateral load capacity of the shaft/column significantly. However, yield displacement is affected, with yield displacement at the top of the column varying between 15 in. (381 mm) and 30 in. (762 mm), for cases with 4.0 times, and 0.25 times the API p-y curves, respectively (Figure 2.19). As well, the plastic hinge forms at larger depth, when a smaller factor is considered (i.e., smaller pult). As shown on Figure 2.20, the plastic hinge forms at a depth of 2 ft (0.6 m) below ground for the case with 4.0 times the API p-y curves, whereas the plastic hinge forms at a depth of 8 ft (2.4 m) for the case with 0.25 times the API p-y curves. 

By increasing both p and y, the initial stiffness of the soil springs did not change, only the ultimate strength (pult) of the soil spring changed. In some cases, the ultimate strength obtained is unrealistic. Another approach is to keep pult constant, whereas changing the stiffness of the p-y curves (i.e., change only y). The results are presented in Figure 2.21 and Figure 2.22 and Table 2.3.

Table 2.3: Influence of soil stiffness

	factor
	0.25
	0.5
	1.0
	2.0
	4.0

	(y in. 

(mm)
	17.76

(451)
	18.73

(476)
	20.32

(516)
	21.80

(554)
	25.48

(647)

	(y /  (y with factor =1
	87%
	92%
	100%
	107%
	125%

	Fy kips 

(kN)
	290

(1,290)
	285

(1,268)
	280

(1,246)
	275

(1,223)
	275

(1,223)

	Fy /  Fy with factor =1
	104%
	102%
	100%
	100%
	98%

	Hinge location below ground ft (m)
	4

(1.2)
	5

(1.5)
	6

(1.8)
	7

(2.1)
	8

(2.4)


By factoring the initial stiffness by a factor greater than one (factoring y by a factor k<1), it is equivalent to increase the initial stiffness of the soil. As expected, this increases the displacement at yield, decreases the lateral force needed to produce yield displacement level, and increases the depth at which the plastic hinge forms. However, for the range of stiffness values considered, the response of the shaft/column does not vary significantly. Clearly, the strength of the soil spring has much greater influence of shaft/column top load – top displacement response then the soil stiffness. 

The preceding studies indicate that the shape of the p-y curve has an   influence on the structural response. Stiffer and stronger p-y curves, result in lower yield displacements and higher shaft/column capacity. In the extreme case, for a strong, stiff soil, the shaft/column behaves like a cantilever with fixed base at ground line, whereas when the soil around the shaft/column exhibits softer or weaker behavior, it is equivalent to considering a cantilever with an effective height greater than that for the fixed base case. To better understand the influence of column height on behavior of the shaft-soil-column system, analyses were conducted on columns with variable height. These analyses are described in the following section.

2.2.3.3 
Sensitivity study on influence of soil at large depth

An alternative method to modeling soil flexibility effects on pile shaft systems with discrete soil springs consists of using a equivalent depth to fixity (e.g., Priestley, 1996). In this approach, the system is modeled as an equivalent, fixed base, cantilever, with the fixity point at a given depth below the ground surface (the soil above this level is neglected).  The equivalent depth to fixity can be determined from charts (e.g., Priestley, 1986). It is common to estimate the fixity point to be approximately four to five shaft diameters below ground. 

To provide a baseline, the first set of analyses involved performing nonlinear pushover analyses on simple, fixed base cantilevers. The height range considered in these analyses, ranged between 40 ft (12.2 m) (height of the tested shaft/column above grade) and 64 ft (19.5 m) (height of the tested shaft/column above grade plus two shaft/column diameters length below grade). Analyses results are presented in Figure 2.23 and summarized in Table 2.4. As expected, as the column height increases, the yield displacement increases and the yield capacity decreases.

Table 2.4: Fixed-base cantilever column study

	Cantilever height, H   ft (m)
	40

(12.2)
	43

(13.1)
	46

(14.0)
	49

(14.9)
	52

(15.8)
	58

(17.7)
	64

(19.5)
	76

(23.2)

	(y in. 

(mm)
	6.15

(156)
	6.8

(173)
	7.8

(198)
	8.7

(221)
	10.2

(259)
	11.8

(300)
	15.2

(386)
	21.8

(554)

	(y /  (y for H=40 ft
	
	100%
	115%
	128%
	150%
	174%
	224%
	321%

	Fy kips 

(kN)
	285

(1,268)
	275

(1,223)
	257

(1,143)
	241

(1,072)
	228

(1,014)
	204

(907)
	185

(823)
	156

(694)

	Fy /  Fy for H=40 ft
	
	93%
	87%
	81%
	77%
	69%
	63%
	53%

	Fult kips 

(kN)
	412

(1,833)
	392

(1,744)
	360

(1,601)
	330

(1,468)
	310

(1,379)
	265

(1,179)
	232

(1,032)
	184

(818)

	Fult  / Fult for H=40 ft
	125%
	119%
	109%
	100%
	94%
	80%
	70%
	56%


The lateral load versus top displacement relation for the analytical model with API p-y curves is also plotted on Figure 2.23. It is observed that the model with API p-y curves, and the analytical model of a 49 ft (14.9 m) high, fixed-based, cantilever compare reasonably well. This result is consistent with prior research (Priestley, 1996), which indicates that the lateral load capacity of the shaft/column/soil system can be approximately represented by a fixed based cantilever with equivalent height equal to the column height and one-to-two shaft diameters below grade. It is noted in Figure 2.23 that the fixed-base cantilever model does not capture the initial stiffness or the yield displacement of the system well. Thorough representation of the load-displacement response is an important aspect of displacement and performance based design. Therefore, simple models based on using an equivalent fixed-base cantilever are not pursued further.  

In order to better understand the influence of soil-shaft interaction on the structural response, soil spring responses at large depths below ground are investigated. According to Reese (2000), the behavior of a pile subjected to lateral loading is governed by the properties of the soil between the ground surface and a depth of six to ten shaft diameters. A simplified analysis was therefore conducted, where the soil is modeled using API p-y curves between ground line and a depth zz, whereas the shaft is assumed fixed at depth larger than zz (Figure 2.24). This depth zz varies from 0 ft to 36 ft (11 m). The purpose of this study is to evaluate the effect of the soil around the shaft/column at moderate depth (less than three times the shaft/column diameter). The results are presented in Figure 2.24, and some of the results are summarized in Table 2.5. 

Table 2.5: Effect of soil at large depth

	zz ft (m)

(See Figure 4.24)
	0

(0)
	3

(0.9)
	6

(1.8)
	9

(2.7)
	12

(3.7)
	18

(5.5)
	24

(7.3)
	36

(11.0)

	 F for ∆=60 in. (1,524 mm) 

kips (kN)
	412

(1,833)
	390

(1,735)
	362

(1,610)
	340

(1,512)
	330

(1,468)
	327

(1,455)
	327

(1,455)
	327

(1,455)

	F /F for API p-y model

 for ∆=60 in. (1,524 mm)
	125%
	118%
	110%
	104%
	100%
	100%
	100%
	100%


According to Figure 2.24, at depth larger than 24 ft (7.3 m), the soil model has almost no effect on top shaft/column behavior (all the curves converge for zz > 24 ft (7.3 m)). Therefore, the shaft is effectively fixed for depths below 24 ft. The behavior of the top shaft/column subjected to lateral loading is governed by the properties of the soil between the ground surface and a depth of about 3 shaft diameters. 

2.2.3.4 
Sensitivity study  -  Magnitude of ground line moment 

The location of the plastic hinge in the shaft is influenced by the moment introduced at ground line (head moment). To assess analytically the variation of hinge location with head moment, three bounding cases were considered: 

· a 6 ft (1.8 m) diameter shaft extending 48 ft (14.6 m) below ground and 40 ft (12.2 m) above ground (identical to the shaft tested),

· a 6 ft (1.8 m) diameter shaft extending 48 ft (14.6 m) below ground and 20 ft (6.1 m) above ground,

· a 6 ft (1.8 m) diameter pile extending 48 ft (14.6 m) below ground.

The lateral load was applied at the top of each pile/shaft considered; therefore, a shear equal to the applied lateral load as well as a moment equal to the lateral load applied times the height of the shaft above grade is generated at ground line. The nonlinear pushover curves for ground line displacement and the curvature profile when the yield curvature is reached in the shaft are plotted in Figures 2.25 and 2.26, respectively. The results are summarized in Table 2.6.

Table 2.6: Effect of additional moment due to applied lateral load on top of shaft/column

	Column height H

ft (m)
	40

(12.2)
	20

(6.1)
	0

(0)

	yield, (y_ground in. 

(mm)
	3.38

(86)
	4.78

(121)
	12.65

(321)

	(y / (y for H=40 ft
	
	141%
	374%

	Fy kips 

(kN)
	280

(1,246)
	492

(2,189)
	1500

(6,672)

	Fy / Fy for H=40 ft
	
	176%
	536%

	Hinge location below ground, dhinge ft (m)
	6

(1.8)
	10

(3.0)
	18

(5.5)

	dhinge / dhinge for H=40 ft
	
	167%
	300%


Results plotted in Figure 2.25 indicate that increasing the head moment results in a softer system with substantially lower yield capacity. Results plotted in Figure 2.26 indicate that the head moment also significantly influences the plastic hinge location. With no head moment (H=0 ft), the yielding initiates approximately three shaft diameters below grade. For the case tested, with a 40 ft (12.2 m) shaft above grade (H = 40 ft (12.2 m)), the yielding initiates approximately one shaft diameter below grade. 

2.3
recommendations based on the sensitivity studies

Based on the results of the sensitivity studies conducted in this Chapter, the following recommendations are derived:

· Vertical spacing of the soil (p-y) springs did not affect the global response of the system significantly (i.e., as measured at the column head); however, for large soil spring spacing, the location of the plastic hinge could not be determined accurately, therefore a closer spacing in the region of interest (between approximately one to three shaft diameters below grade for shaft/column, and between approximately two to four shaft diameters below grade for piles) is recommended. 

· The strength and stiffness of the soil influences the shaft/column capacity. Stiffer and stronger soil springs result in higher lateral load capacity and initial stiffness of the shaft/column system. Increases in soil spring ultimate capacity have a greater influence than increases in soil spring stiffness on the initial stiffness of the system. An increase of 100% of ultimate soil capacity results in an increase of more than 15% of the system initial stiffness, whereas an increase of 100% of initial soil stiffness result in only a 5% increase of system initial stiffness.  However, changes in the soil spring properties have a relatively small impact on the system capacity (an increase of 100% in strength or stiffness of p-y curves will result in a system capacity increase of less than 5%).

· The properties of the soil between ground surface and about four shaft diameters below ground line governs the structural behavior of the system.

· Relative to studies conducted with shaft/column, with different height above ground, the additional moment generated by the lateral load applied at the top of the shaft forces the hinge to form at shallower depth. For the simple systems analyzed, hinges formed from three (head load only) to one (head load and moment) shaft diameters below grade.

Recommendations and findings outlined here were incorporated into the detailed analyses conducted on the shaft/column/soil system conducted in Chapter 4.
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