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Nonlinear Pushover Analysis: Analytical Models and Test Results 

The pushover analyses were conducted, for p-y curves derived based on the API recommendations and the experimental data, successively. Because cyclic or dynamic loadings are not considered, the gap effects are not considered. Analysis results for each case are compared to the test results to assess model accuracy. An example input file for the OpenSees program is contained in Appendix B. 

3.1 API p-y curves

3.1.1
API p-y curve generation

The API p-y curves were derived based on the site soil conditions.  Based on field testing, the soil was considered relatively uniform and was classified as stiff clay with the following properties: 

- Undrained shear strength for undisturbed clay soil samples: c= 23 lb/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 API p-y curves, derived at one-foot increments over the height of the shaft/column, are presented in Figure 3.1 The ultimate soil resistance increases almost linearly from 5,100 lb/in (91 kg/mm) at 1 ft (0.3 m) depth, up to 11,200 lb/in (200 kg/mm) at 48 ft (14.6 m) depth. This change of resistance corresponds to an increase of ultimate soil capacity of almost 220% from shallow depth to the toe of the shaft.

A trilinear relationship was used to approximate the API p-y curves presented in Figure 3.2, at each depth considered. The trilinear approximation was defined by iteration to be a best fit to the API p-y curves in the region of interest. A nonlinear soil spring, with trilinear load-displacement relationship was then used to model the nonlinear p-y relations over the height of the shaft. Figure 3.1.b presents tri-linear p-y relationship for 3 ft (0.9 m), 6 ft (1.8 m), 10 ft (3.0 m), 18 ft (5.5 m), 24 ft (7.3 m) and 30 ft (9.1 m) below ground.

3.1.2
Shaft/column response

The structural responses of the shaft/column obtained using the trilinear relations to approximate the API p-y curves are presented in the following paragraph.

Nonlinear pushover

The lateral force applied at top of the shaft/column versus the displacement at the shaft/column top and at ground line is presented in Figure 3.3 and Figure 3.4, respectively. The effective yield displacement corresponds to a top shaft displacement of about 20 in. (508 mm), with an associated lateral load of 280 kips (1,246 kN). The initial stiffness of the pushover curve is about 30 kips/in (5.3 kN/mm). 

Three characteristics points are defined on the curve to compare responses: (1) yield displacement (y_ API and load Fy_ API, (2) displacement (1/2 y_ API and load F1/2y_ API at one half the yield displacement, and (3) displacement (2 y_ API and load F2y_ API at twice yield displacement. The results are summarized in Table 3.1.

Table 3.1: Analysis results: API p-y curves

	
	∆top in. 

(mm)
	∆ground in. 

(mm)
	F kips 

(kN)

	At yield displacement,

(y_ API
	20.3

(516)
	3.4

(86)
	280

(1,246)

	At half yield

displacement, (1/2 y_ API
	10.2

(259)
	1.4

(36)
	187

(832)

	At twice yield

Displacement, (2 y_ API
	40.6

(1,031)
	6.2

(157)
	327

(1,455)


Curvature profiles

The curvature profiles over the shaft/column height are presented in Figure 3.5 for the three characteristic displacement levels defined in Table 3.1. The hinge forms at a depth of about 6 ft (1.8 m) below ground and the curvature profile is nearly symmetric about the hinge depth. Yielding occurs between approximately 16 ft (4.9 m) below ground and ground line. The plastic length at twice yield displacement level is estimated to be 11 ft long (3.3 m), which is larger (~ 25 % larger) than the plastic length predicted by ATC 32 (1996, see Chapter 2, section 2.2.2). 

Lateral displacement profile

The lateral displacement profile is plotted versus the height of the shaft in Figure 3.6. It is observed that, for depth more than 20 ft (6.1 m) below ground, the shaft displacement is almost negligible (shaft displacement less than 0.1 in. (2.5 mm)). However, the displacement at ground line reaches more than 6 in. (152 mm) for a top shaft/column displacement of twice yield displacement. Therefore, for cyclic loading, the influence of the gap on the shaft/column responses may be significant. This issue is addressed later in this study. 

3.2 experimental p-y curves

3.2.1
Experimental p-y curves generation

A primary reason for testing of a 6 ft 6 in. (2 m) shaft, 6 ft (1.8 m) column was to obtain data to derive p-y curves for large diameter shafts and compare them to commonly used p-y curves. The experimental p-y curves were derived in Part I of this report at six depths (3 ft (0.9 m), 6 ft (1.8 m), 10 ft (3.0 m), 18 ft (5.5 m), 24 ft (7.3 m) and 30 ft (9.1 m) below ground) as presented in Chapter 5 of Part I (Figure 5.13). The p-y curves for depths greater than 6 ft (1.8 m) are fairly similar; however, the curves for depths between ground line and 6 ft (1.8 m) below ground display considerable variation. To obtain reliable information on local responses, a fairly refined distribution of soil springs is typically needed within this region; therefore, it is necessary to model p-y curves at intermediate depths between 0 and 3 ft (0.9 m) below ground and 3 ft (0.9 m) and 6 ft (1.8 m) below ground. The p-y curves at different depths were derived based on Figures 2.20 and 2.21 (where, at each displacement level, p and y value can be defined for any depth considered) at one-foot increments along the height of the shaft. 

The new p-y curves obtained at 1 ft (0.3 m), 2 ft (0.6 m), 4 ft (1.2 m), and 5 ft (1.5 m) below grade are presented in Figure 3.7. These p-y curves were obtained using the median p value at the corresponding depth. It should be recognized that there is large uncertainty in these p values, and hence in the p-y curves at shallow depth. From Figure 3.7, it is observed that the initial stiffness of the p-y curves derived at 1ft (0.3 m) and 2 ft (0.6 m) are similar to the one obtained at 3 ft (0.9 m) below ground, but the ultimate soil resistance is lower. At 4 ft (1.2 m) and 5 ft (1.5 m) depth, the p-y curves derived are similar to the curve at 6 ft depth. 

As for the API p-y curves, a trilinear relationship was used to approximate the experimental p-y curves. Where necessary (i.e., when p-y curves need to be extended for the purpose of the analyses), the p-y were extended by extrapolating from the data trend and using an ultimate value (maximum between the ultimate soil resistance recorded through testing and API recommendation, at a displacement of 8 y50 (~ 10 in. (254 mm), based on API recommendation) was defined. The trilinear approximation relationship for 3 ft (0.9 m), 6 ft (1.8 m), 10 ft (3.0 m), and 30 ft (9.1 m) below ground are presented in Figure 5.8.

Because the p-y curve obtained at 3 ft (0.9 m) below ground exhibits an almost elastic behavior, the ultimate soil resistance at this location appears unrealistic. In order to evaluate the influence of this layer, two different models are considered: (1) the experimentally derived p-y curve is implemented directly into the analytical model, and (2) the experimentally derived p-y curve is truncated at an ultimate resistance of  pult=17,000 lb/in.(soil resistance at 1 in. (25 mm)). The results for both models are presented in the following sections.

3.2.2
Shaft/column response

A nonlinear pushover analysis was performed using the experimental p-y curves. The results of these analyses are presented in the following sections.

Nonlinear pushover

The lateral force versus lateral displacement at the top and ground of the shaft/column are presented in Figure 3.9 and Figure 3.10, respectively, for both analyses (experimental and truncated experimental p-y curves). The two models exhibit very similar displacement responses (less than 3% difference). The yield displacement is evaluated to occur at a top shaft displacement level of 14 in. (356 mm), with an associated lateral load of 295 kips (1312 kN). The initial stiffness of the pushover curve is about 32 kip/in. (5.6 kN/mm). The results for three specific displacement levels are summarized in Table 3.2.

Table 3.2: Analysis results: Experimental p-y curves

	
	∆top in. 

(mm)
	∆ground in. 

(mm)
	F kips 

(kN)

	At yield displacement,

(y_ EXP
	14.1

(358)
	1.2

(30)
	295

(1,312)

	At half yield

displacement, (1/2 y_ EXP
	7.0

(178)
	0.6

(15)
	180

(801)

	At twice yield

Displacement, (2 y_ EXP
	28.2

(716)
	2.2

(56)
	344

(1,530)


The initial stiffness of the nonlinear pushover at ground line is about 520 kip/in (91.1 kN/mm). A slightly stiffer behavior is observed for experimental p-y curve versus experimental troncated p-y curves. At twice yield, the ground displacement predicted using truncated p-y curve is 18% larger than the one predicted using experimental p-y curve. 

Curvature profilse

The curvature profiles over the height of the shaft are presented in Figure 3.11 for the three characteristic points defined in Table 3.2. Similar results are observed for both models. The hinge forms at a depth of about 3 ft (0.9 m) and the curvature profile is symmetric above and below the hinge. Yielding occurs between approximately 10 ft (3.0 m) below ground and ground line. The plastic length at twice the yield displacement level is estimated to be 7 ft long (2.1 m).

Lateral displacement profile

Lateral displacement profiles versus height are plotted at yield, half yield and twice yield in Figure 3.12 It is observed that, for depths exceeding 12 ft (3.7 m) below ground, the shaft displacement is almost negligible (shaft displacement less than 0.1 in. (2.5 mm)). The displacement at ground line, at twice yield displacement level, did not exceed 2.5 in. (63.5 mm). The analysis results indicated that this model is much stiffer than the model based on API soil springs. 

Based on the comparison of the analysis results for the two models using experimental p-y curves, one using the experimental p-y curves and the other using the experimental p-y curves with limits on pult at shallow depth, it is concluded that limiting pult at very shallow depth does not significantly alter results. However, because the second model, with limits on pult appears more reasonable, it is used in subsequent studies.  

3.3 Experimental results

Experimental and analytical results are compared for three displacement levels: half-yield, yield, and twice yield (defined for each model). The results are summarized in this section.

Nonlinear Pushover

The results from the cyclic testing of the 6 ft (1.8 m) diameter shaft/column were presented in Chapter 4 of Part I. In order to estimate the effective yield displacement, the curvilinear force-deformation response was approximated by a tri-linear relation, as shown in Figure 3.13.

This tri-linear approximation has four defining characteristics: the cracked point (approximated from the curvilinear force-deformation to occur at a top shaft displacement of 2 in. (51 mm) with an associated lateral force of 100 kips (445 kN)), the cracked stiffness K1, the yield point (to be defined), and the post-yield stiffness K3 (which is almost zero). The yield point was calculated by equating the strain energy in the nonlinear curve to that in the tri-linear approximation. The lateral load, Fy, and lateral deformation, y, at yield were interpolated from the intersection of the two segments in the tri-linear approximation to the pushover response curve. An approximate top shaft/column yield displacement of 16 in. (406 mm) was determined, with an associated yield force of 314 kips (1,397 kN).

The displacement at the top of the shaft/column and at ground-line, are presented in Figure 3.14 and Figure 3.15, respectively. The lateral forces associated with yield, half-yield and twice yield displacement levels were interpolated from Figure 4.1 (Part I). The results are summarized in Table 3.3. 

Table 3.3: Experimental results: Forces and displacements

	
	∆top in. 

(mm)
	∆ground in. 

(mm)
	F kips 

(kN)

	At yield displacement,

(y_ TEST
	16

(406)
	1.4

(36)
	314

(1,397)

	At half yield

displacement, (1/2 y_ TEST
	8

(203)
	0.7

(18)
	200

(890)

	At twice yield

Displacement, (2 y_ TEST
	32

(813)
	2.1

(53)
	314

(1,397)


Because only a limited number of displacement levels were recorded during the cyclic loading of the test shaft/column, the curvature and displacement profiles over the height of the shaft/column had to be approximated in order to compare the experimental results and analytical results at the prescribed levels. From the data obtained either directly or indirectly (computed) from the test, the curvature and displaced shapes were obtained for a variety of top of shaft/column displacements. The curvature displacement profiles were then interpolated for the displacement level corresponding to the effective yield of the structure (determined from Figure 3.13), as well as half-yield and twice yield displacement.

Curvature profiles

The curvature profiles over the shaft/column height are presented in Figure 3.16 for the three displacement levels defined in Table 3.3. The hinge forms at a depth of about 6 ft (1.8 m) and the curvature distribution above and below the hinge is nearly symmetric. Yielding occurs between ground line and approximately 15 ft (4.6 m) below ground line. The plastic hinge length at twice the yield displacement level was about 10 ft (3.0 m) long. It is interesting to note that the hinge was expected to form at a depth of about 1.5 to 2 shaft diameters below ground (Priestley, 1996), which corresponds to a depth of about 9 ft (2.7 m) to 12 ft (3.7 m) below grade. The fact that the hinge forms higher might be influenced by (1), the lateral load applied at the top of the shaft/column generates an additional moment, which influences the structural behavior of the shaft/column (Chapter 2, section 2.2.3.4), and (2) the existence of a an asphalt debris layer located at an approximate depth of 3 ft (0.9 m) below ground. This debris layer might have influenced the shaft response (e.g., force the hinge to start at this location) by stiffening the soil at this depth. Results from the three-dimensional finite element studies reported in Chapter 6 and 7 appear to indicate that this debris layer did have a significant impact on local system behavior. 

Lateral displacement profile

The lateral displacement profile is plotted versus the height of the shaft/column in Figure 3.17. It is observed that, for depths greater than 15 ft (4.6 m) below ground, the shaft displacement is negligible (shaft displacement less than 0.1 in. (2.5 mm)). The displacement at ground line, at yield is about 2 in. (51 mm), and reaches more than twice this displacement level, at twice yield displacement level (up to 5 in. (127 mm)). The analysis results indicated that significant deformation occur at ground line after yield; such behavior was not observed with the analytical model and suggests that gapping could soften the structural behavior after yield.

3.4 comparison of analytical results WITH experimental results 

In this section, the results from the analytical models using API p-y curves and experimental p-y curves are compared with test results. It is important to note that, at shallow depth (up to 10 ft (3.0 m) below ground), the experimental p-y curves are much stiffer (up to seven times soil resistance expected at 1 in. (25.4 mm) at 3 ft (0.9 m) below ground) than the API p-y curves, whereas at greater depths, similar behavior is observed for both API and experimental p-y curves (Figure 5.14; Part I). The influence of the soil model will be evaluated in the following section by comparing results obtained with analytical models with results obtained from testing.  

Nonlinear pushover at top of the shaft/column

The results of the nonlinear pushover analyses, as well as the experimental structural response at the top of the shaft/column are presented in Figure 3.18. Summary results are compared in Table 3.4.

Table 3.4: Summary: Analytical and experimental results

	
	
	∆y_top

in.

(mm)
	Fy 

kips (kN)
	∆1/2y_top

in.

(mm)
	F1/2y 

kips (kN)
	∆2y_top

in.

(mm)
	F2y 

kips (kN)

	(1)
	Experimental Result
	16

(406)
	314 

(1,397) 
	8 

(203) 
	206.

(890)
	32 

(813) 
	314.

(1,397)

	(2)
	Analytical model with API p-y curves
	20 

(516)
	280 

  (1,246)
	10 

(259)
	187 

(832)
	41 

(1,031)
	327 

(1,455)

	(3)
	(2)/(1)
	127%
	89%
	128%
	91%
	127%
	104%

	(4)
	Analytical model with experimental p-y curves
	14

(358)
	295

(1,312)
	7

(178) 
	180

(801)
	28

(716)
	344

(1,530)

	(5)
	(4)/(1)
	88%
	94%
	88%
	87%
	88%
	110%


The pushover analysis using API p-y curves exhibits a softer response than measured during the test. The effective stiffness, obtained with the analytical model using API p-y curves, is 25% lower than the one obtained experimentally, and the yield displacement is about 27% higher than the one obtained during the experiment. These results are expected, as the p-y curves exhibited a much softer behavior than the experimental p-y curves (Figure 5.14; Part I). 

The pushover analysis using experimental p-y curves and the experimental results exhibit comparable results for lateral displacements up to one-half of the yield displacement level. The yield displacement obtained using the experimental p-y curves is about 12% lower than the one obtained during the experiment. This difference may be due to the reinforcement behavior, which might exhibit a softer behavior than expected (due to bond slip), as well as the effects of gapping between the shaft and the soil (this issue is addressed in Chapter 4). 

Shaft/column displacement at ground line versus lateral force applied at top shaft/column

Results for lateral load versus ground line displacement exhibit similar trends to those observed for top of shaft/column displacement (Figure 3.19). The experimental and analytical results based on the experimentally derived p-y curves compare closely, except that the analytical result reveals to be stiffer as the yield level is approached, and slightly higher lateral load capacity is reached. The analytical results for the API p-y curves exhibit a much greater deviation from the experimental results, particularly where results are compared at ground line. However, the API p-y curves provide a good prediction of the capacity of the shaft/column at large displacements. The p-y curves greatly influence load – displacement response at ground line, whereas the shaft/column structural properties are of greater importance where responses are compared at the top of the column.

Curvature profiles 

The curvature profiles at the yield displacement level are presented in Figure 3.20 for the analytical models (using API p-y curves and experimental p-y curves) as well as for the experimental results. Inelastic flexural deformations (plastic hinge location) within the reinforced concrete shaft are expected to be concentrated between approximately 1.5D to 2.5D (Priestley, 1996). The hinge location is not as deep as might be expected compared to prior experimental work; however, much of the prior work has been conducted on piles subject to a lateral load at ground line, versus this case, where shear and significant moment exist at ground line. The influence of the induced moment were the focus of one of the sensitivity study conducted and presented in Chapter 2, which indicated that inelastic deformations occur at shallower depths where head moments are induced. 

The analytical model using API p-y curves develops a hinge at depth of approximately 6 ft (1.8 m) below ground, whereas the analytical model using the experimentally derived p-y curves develops a hinge at depth of 3 ft (0.9 m) below ground line. This difference is strongly influenced by the significant variation at shallow depth in the p-y curves for the two analyses. The location of the hinge is influenced by both the additional moment imposed on the shaft at ground line and the properties of the p-y curves at shallow depth (less than 6 ft (1.8 m) below ground line). 

Figure 3.21 presents the plastic length versus the normalized top shaft/column displacement (normalized by the yield displacement for each case) for both analytical models and test results. The analytical model using API p-y curves agrees closely with the test results, whereas the analytical model using experimentally derived p-y curves underestimates the plastic length by up to 35%. 

Lateral displacement profiles

The lateral displacement profiles at yield displacement level are presented on Figure 3.22 for the analytical models and experimental results. As expected, the analytical model using API p-y curves exhibit larger displacement below ground, than the analytical model using experimental p-y curves. The analytical model using experimental p-y curves exhibit a similar behavior that the experimental results, with a slightly stiffer behavior below ground. 

Maximum moment

The magnitude and location of the maximum shaft moment was determined at various displacement levels. Prior to yield, the maximum moment occurs close to ground line. Therefore, the relationship between maximum moment and the lateral load applied at the top of the shaft/column is approximately linear. After shaft yielding, the maximum moment migrates below ground line. 

The relationship between maximum moment and lateral load force is presented in Figure 3.23 for the analytical and experimental results. It is important to note that the relationship between maximum moment and lateral load is nearly identical for the analytical and experimental results. The relations deviate only where the applied lateral force exceeds 280 kips (1246 kN), and this difference is mainly due to the variation in the experimental and analytical moment – curvature relations. This result has important implications with respect to p-y curves derived from prior experimental results. In some cases, p-y curves have been derived from experimental results by matching moment relationships (e.g., Matlock, 1970; Reese, 1975). As shown in Figure 3.23, a difference of more than 200% in the p-y curves has almost no impact on the maximum moment – lateral load relationship.

3.5 SUMMARY 

Two-dimensional nonlinear finite element models were developed using p-y models in which the mechanisms that result in nonlinear soil-shaft interaction were lumped into a single nonlinear spring. From these preliminary studies, it was found that API p-y curves exhibit softer behavior than the p-y relations derived from the experimental data. Comparisons of analytical and experimental results indicate that more site-specific p-y curves (i.e., the experimental curves) lead to significantly improved response predictions over generalized curves (i.e., API curves).  

The analytical model using experimental p-y curves produces results that compare favorably with the experimental results, despite the relative simplicity of the model. The initial stiffness was well represented up to top shaft/column displacements of approximately one-half of the yield displacement (8 in. (203 mm)). At larger displacements, the use of experimental p-y curves resulted in a capacity that exceeded the experimentally measured values by approximately 10%. This is likely due to cyclic and gapping behaviors, which are not yet included in the model. Given the importance of these factors, additional studies were conducted to address these issues. Cyclic analyses are conducted in the next chapter. As well, a ‘gap’ model is developed and implemented, to address the influence of gap and drag (friction) behavior on global and local behavior of the shaft/column/soil system. 
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