5
Prediction for 2 ft diameter shaft/column 

To this point, the study presented has focused on the modeling of the 6 ft (1.8 m) diameter shaft/column tested. This chapter presents the prediction for a smaller shaft diameter, 2 ft (0.6 m) based on the finite element model developed previously. The objective of this work is to provide a best estimate, blind prediction, for a smaller diameter shaft based on the results obtained from the 6 ft (1.8 m) test. 

5.1 
ANALYTICAL MODel

To evaluate overall responses of the system and assess the soil-structure interaction, a detailed analytical model of a 2 ft (0.6m) diameter drilled shaft bridge column was developed. In general, the model is similar to the model for the 6 ft (1.8 m) shaft/column (Chapter 2).

5.1.1
Specimen description

The cast-in-drilled-hole (CIDH) bridge shaft/column studied is a 37ft 4 in. (11.4 m) tall, reinforced concrete shaft/column, with a constant diameter of 2 ft (0.6 m). The shaft extends 24 ft (7.3 m) below grade and 13 ft 4 in. (4.1 m) above grade (Figure 5.1). The above ground height of the model column is selected to give the same height to column diameter (6.67) as for the 6 ft (1.8 m) test specimen. The below ground depth (length of the shaft) was selected to ensure relatively minor displacements at the base of the shaft. 

The reinforcement of the shaft/column consists of eight Grade A615 #9 longitudinal bars. The transverse reinforcement consists of Grade A706 #5 spiral with 4 in. (102 mm) spacing along the height of the shaft/column. The area longitudinal ((longitudinal) and volumetric transverse ((transversal) steel ratios were prescribed as: 
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Where Ast is the total area of column reinforcement and Ag is the column gross area. The reinforcement ratios for the 2 ft (0.6 m) shaft/column are similar to those used for the 6 ft (1.8 m) diameter test. 

5.1.2
Material properties 

The material properties presented earlier for the 6 ft (1.8 m) shaft/column (chapter 2, section 2.1.1) were again used for the 2 ft (0.6 m) shaft/column. Clear cover of 2 in. (51 mm) is provided to the main longitudinal reinforcement. 

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. 

The unconfined concrete model was based on the concrete stress-strain curve obtained from cylinder tests. 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.

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 of the hoop reinforcement measured to the hoop centerline, s is the vertical hoops spacing and Ahb is the cross-sectional area of the hoop. 

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 the column; therefore, the total shear capacity is about 253 kips (1,125 kN), 72% of this value is associated with shear reinforcement. 

The flexural capacity is determined from the moment-curvature relationship presented in Figure 5.2. According to this figure, the yield curvature is estimated to be 0.00025/in. (0.00001/mm). 

5.1.3
Two-dimensional fiber model 

Based on the material properties and geometry of the 2 ft (0.6 m) shaft/column, 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, similar to what is shown on Figure 2.4 for the 6 ft (1.8 m) test column. The concrete fibers represent the confined (core) concrete (120 fibers) and the unconfined cover concrete (eight fibers) of the shaft/column. The steel fibers represent the eight #9 longitudinal reinforcing bars (eight fibers). 

5.1.4
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. P-y curves were derived based on both the API recommendation and the experimental p-y curves derived for the 6 ft (1.8 m) shaft test. 

The API p-y curves (Figure 5.3) were derived based on the site soil conditions, with the following properties: 

- Undrained shear strength for undisturbed clay soil samples: c= 23 lb/in2 in2 (162 kg/mm2),

- Strain, which occurs at one-half the maximum stress on laboratory undrained compression tests of undisturbed soil samples (50 = 0.007,

- Effective unit weight of soil  0.07 lb/in3 (1.9 kg/mm3).

- J (non-dimensional empirical constant) = 0.25

The experimental p-y curves were scaled to account for the difference in the shaft diameter. The scaling factor used was computed from the API recommendations, based on comparing results for a 6 ft (1.8 m) and a 2 ft (0.6 m) shaft diameter at each depth. The following factor was used to scale the experimental p-y curves obtained based on test data results: 
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This factor varies from 0.46 to up to 0.71 (at a depth of 21 ft (6.4 m) below ground) depending on depth considered. 

5.2 
STATIC ANALYSES of 2 ft (0.6 m) shaft/column

Pushover analyses are performed using successively the API p-y curves (for a 2 ft (0.6 m) diameter shaft) and the scaled experimental p-y curves. The results are presented in the following sections.

Nonlinear pushover

The displacements at the top of the shaft/column and at ground line are presented in Figure 5.4 and Figure 5.5, respectively.  

Three characteristics points are selected to compare responses: (1) yield displacement (y and load Fy, (2) displacement (1/2 y and load F1/2y at one half the yield displacement and (3) displacement (2y and load F2y at twice yield displacement for each model. The results are summarized in Table 5.1.

Table 5.1: 2 ft Shaft/column – Summary results 

	
	∆top_API

 in. (mm)
	∆ground_API

in. (mm)
	FAPI
 kips (kN)
	∆top_EXP

 in. (mm)
	∆ground_EXP

in. (mm)
	FEXP
 kips (kN)

	(y
	5.8

(147)
	1.0

(25)
	28

(125)
	4.4

(112)
	0.5

(13)
	29

(129)

	(1/2 y
	2.9

(74)
	0.4

(10)
	18

(80)
	2.2

(56)
	0.2

(5)
	17

(76)

	(2 y
	11.6

(295)
	1.9

(48)
	35

(156)
	8.8

(224)
	0.9

(23)
	36

(160)


As expected, the model using API p-y curves is softer than the model using experimental p-y curves (as both API and experimental p-y curves used for the 2 ft (0.6 m) are the one obtained for the 6 ft (1.8 m) shaft and scaled by a common factor at each depth). The initial stiffness of the model using API p-y curves is about 27% lower than the initial stiffness predicted when using experimental p-y curves. The capacity of the shaft/column predicted by the model using API p-y curves is about 8% lower than the capacity predicted by the model using experimental p-y curves.

Curvature profiles

The curvature profiles over the shaft/column height are presented in Figure 5.6, for the three characteristic displacement levels defined in Table 5.1.  

For the model using API p-y curves, the hinge forms at a depth of about 2 ft (0.6 m) below ground and curvatures are almost symmetric above and below the hinge. Yielding occurs between approximately 6 ft (1.8 m) below ground line and ground line. The plastic hinge length at twice the yield displacement level is estimated to be up to 4 ft long (1.2 m), which is larger than the plastic length estimated by ATC 32 (1996, lp=2.8 ft (0.85 m)). 

For the model using experimental p-y curves, yielding initiates at a depth of about 1 ft (0.3 m) below ground and curvatures are almost symmetric above and below the hinge. Yielding occurs between approximately 4 ft (1.2 m) below ground line and ground line. The plastic length at twice the yield displacement level is approximately 2.7 ft long (0.8 m), which is comparable to the plastic length estimated by ATC 32).

Lateral displacement profiles

The lateral displacement profiles are plotted versus the height of the shaft in Figure 5.7. The displacement at ground line for the model using API p-y curves is as much as twice of the displacement at ground line for the model using experimental p-y curves. It is also observed that, for depths exceeding 4 ft (1.2 m) and 6 ft (1.8 m) below ground, the shaft displacement is almost negligible (shaft displacement less than 0.1 in. (2.5 mm)) for the model using experimental p-y curves and API p-y curves, respectively. 

Shear and Moment profiles


The shear profiles and moment profiles are presented in Figures 5.8 and 5.9, respectively. The shear demand is much lower than the shear capacity of the section determined using ATC-32 (less than 31%), which confirms the assumption that flexural deformations govern the structural response of the shaft/column. 

Summary

Based on these analyses, the API p-y model leads to softer response than the model using experimental p-y curves. This is in agreement with the results obtained in the previous chapters. It is also interesting to note that the hinge is expected to form at about one-half to one shaft diameter below ground, which is much higher than expected by Priestley (1996), but which is consistent with the previous study on the 6 ft (1.8 m) shaft/column study. 

5.3 
CYCLIC ANALYSES of 2 ft (0.6 m) shaft/column

In order to evaluate the affects of cyclic displacements on the response of the shaft/column system, cyclic analyses are performed. As for the 6 ft (1.8 m) shaft/column, four cyclic analyses are preformed: (1) no gap behavior included, (2) gap behavior and 20% drag force, (3) gap behavior and 50% drag force, and (4) gap behavior and 80% drag force.

A simple cyclic loading is imposed at the top of the shaft/column. The loading is chosen (to capture roughly ½ yield, yield, and 2 times yield) to vary from 2 in. (51 mm) and 12 in. (305 mm), and goes into increments of 2 in. (51 mm). The loading is presented in Figure 5.10.

5.3.1 Cyclic analysis – No gapping 

Cyclic analyses were performed on the models using the API and experimental p-y curves, respectively. The results are presented at top shaft/column and ground line in Figures 5.11 and 5.12, respectively. As expected, the model using API p-y curves exhibits much softer behavior than the model using the experimental p-y curves. This difference is more obvious at ground level, where soil properties (i.e., soil stiffness and soil ultimate capacity) influence more strongly the shaft/column behavior. 

5.3.2 Cyclic analysis – Gap included 

Similar to the presentation provided in Chapter 4, results are presented for a drag force equal to 20%, 50%, and 80% of the soil ultimate resistance. The lateral forces applied at the top shaft/column versus the lateral top shaft/column displacements are presented in Figures 5.13 through 5.15. The results are summarized in Table 5.2

Table 5.2: Analysis summary - Gap models

	
	( = 2 in.

(51 mm)
	( 4 in

(102 mm)
	( 6 in

(152 mm)
	( 8 in

(203 mm)
	( 10 in

(254 mm)
	( 12 in

(305 mm)

	F No gap

kips (kN)
	15

(67)
	28

(125)
	33

(147)
	36

(160)
	36

(160)
	36

(160)

	F 20%drag

kips (kN)
	8

(36)
	16

(71)
	22

(98)
	25

(111)
	xx
	xx

	F 20%drag/F No gap
	53%
	57%
	67%
	69%
	
	

	F 50% drag

kips (kN)
	13

(58)
	22

(98)
	28

(125)
	31

(138)
	32

(142)
	33

(147)

	F 50%drag/F No gap
	87%
	79%
	85%
	86%
	89%
	92%

	F 80% drag

kips (kN)
	15

(67)
	26

(116)
	32

(142)
	35

(156)
	36

(160)
	36

(160)

	F 80%drag/F No gap
	100%
	93%
	97%
	97%
	100%
	100%


The gap effect seems to have a more significant impact on a 2ft (0.6 m) shaft/column compared with the 6 ft (1.8 m) shaft/column at low drag force level; therefore defining a reasonable drag force value has a huge influence on the shaft/column behavior prediction. According to previous test, a drag between 50% and 80% seems appropriate for this test.

The curvature profile for each model is presented in Figure 5.16 at a top shaft/column displacement of 6 in. (152 mm). The hinge location for the model using no gap or 80% drag is at a depth of about1 ft (0.3 m) below ground. The model using 50% drag and 20% drag force estimates the hinge location at about 3 ft (0.9 m) and 5 ft (1.5 m) below ground. As for the previous study (Section 4.4), the local deformations (e.g., curvature) tend to be more sensitive than global responses to changes of model parameters. 

An interesting feature in this study is that the model using 80% drag force gives almost similar results as the model without gap model. However lower curvature are developed for the model including 80% drag, which confirm that global shaft/column behavior is not as sensitive as the local response to changes of drag force.
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