7    ABAQUS SIMULATIONS FOR 6 FT. AND 2 FT. DIAMETER SHAFTS

7.1       MODEL DESCRIPTION

Prior to performing simulations using ABAQUS, element types were chosen for both the soil and shaft, and the sensitivity of the results to the size and fineness of the mesh had to be determined. These issues are discussed in the following sections. 

7.1.1    Types of Elements for Soil and Shaft

Fig. 7.1 shows the ABAQUS elements that have been used in the current study. C3D8 is a first-order 3-D element, CIN3D8 is a first-order 3-D infinite boundary element, and C3D15 and C3D20 are second-order 3-D elements. First-order elements have linear shape functions and second-order elements have quadratic shape functions. Second-order elements provide higher accuracy than first-order elements for “smooth” problems that do not involve complex contact conditions, impact, or severe element distortions. Second-order elements capture stress concentrations more effectively and are better for modeling nonlinear geometry (i.e., they can model a curved surface with fewer elements). Second-order elements are also very effective in bending-dominated problems. However, first-order elements are always recommended for contact problems in ABAQUS. Nonuniform contact pressure distributions can be pronounced and non-physical oscillations in the contact pressure may occur when both soil and shaft surfaces are modeled with second-order elements.
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Fig. 7.1  ABAQUS elements for shaft and soil.

An important factor influencing the response of a drilled shaft to lateral loading is the nature of the contact between the shaft and soil. Based on recommendations in the ABAQUS user’s manual (Version 5.8), second-order elements should not be used to represent both the soil and shaft. However, behavior of the shaft itself is a bending-dominated problem because of the large moments that have to be carried by the shaft when lateral loads are applied to the top. Taking all this into consideration, the shaft was modeled using second-order 3-D elements and the soil was modeled using first-order 3-D elements in ABAQUS. The following numerical results illustrate the effect of soil element type for contact problems. 
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Figs. 7.2 and 7.3 show the mesh for the 6 ft. diameter drilled shaft (discussed in detail in section 7.1.2). Second-order C3D15 elements are used for the shaft because they are wedge-shaped and fit the geometry better than C3D20 elements. Two simulations were performed to illustrate the effect of soil element type on the results. First-order C3D8 elements were used for the soil in simulation 1 and second-order C3D20 elements were used for the soil in simulation 2. The lateral load applied at the top of shaft was 200 kN. The soil and shaft properties are discussed in Chapter 6. Fig. 7.4 shows the distribution of contact normal pressure along the shaft in θ direction from 0o to 180o at a depth of 5 ft.  Oscillations in the contact pressure are observed for simulation 2, while contact pressure varies smoothly along the shaft for simulation 1. Thus first-order C3D8 elements were used to model the soil in the current study.

7.1.2    Size of Finite Element Mesh

Trochanis et al. (1988) found that, by experimenting with different mesh sizes, placing the bottom of the mesh at a distance of 0.6 to 0.7 times the shaft embedded length below the shaft bottom yields good accuracy for finite element simulations of shaft foundations. For example, for a shaft with diameter D = 6.5 ft. and embedded length of 48 ft., the finite element mesh should have a minimum depth of 77 ft. to 82 ft. and a diameter of 58 ft. For this research, ABAQUS infinite boundary elements (Figs. 7.1 and 7.3), which were developed for problems involving unbounded domains, were used to simulate the confining effect of surrounding soils far away from the shaft. The maximum degrees of freedom for the simulations were limited by the server for ABAQUS at UCLA  (alpha.oac.ucla.edu). This server can run simulations for 3-D models that have less than 10,000 nodes. 
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Fig. 7.2  Side view of final mesh for 6 ft. diameter drilled shaft.
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Fig. 7.3  Top view of final mesh for 6 ft. diameter drilled shaft.
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Fig. 7.4  Effect of soil element order on contact pressure distribution.

The effect of mesh diameter was studied using three meshes with outer diameters of 6D, 11D, and 15D. The total number of nodes and elements remained constant for each mesh. Fig. 7.5 shows the contact pressure distribution at a depth of 5 ft. for each simulation. The 11D and 15D diameter meshes show very close agreement. Thus, it appears reasonable to choose 11D as the final mesh diameter (i.e., the location where the infinite boundary elements are placed).

      Based on the above results, the most reliable 3-D model is composed of 5945 elements (9460 nodes) in which 560 second-order C3D15 elements are used for the shaft and  5345  first-order  C3D8 elements  and  768 infinite  CIN3D8  boundary elements are used for the soil. The infinite boundary elements are placed at a diameter of 66 ft and the bottom boundary is at a depth of 96 ft. The final mesh dimensions are shown in Fig. 7.6. Figs. 7.2 and 7.3 show side and top views of the final mesh. 
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Fig. 7.5 Effect of mesh diameter on contact pressure distribution.
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                     Fig. 7.6  Dimensions of the final mesh for 6 ft. shaft simulations.

7.2       MODEL SYMMETRY

Although the problem is symmetric about the vertical plane that includes the applied load vector, modeling one-half of the problem cannot yield accurate results using ABAQUS. The appropriate boundary condition for the plane of symmetry is that all the nodes on the plane can only move in the plane, not perpendicular to it. Part of the contact surface between the shaft and soil lies in the plane of symmetry (Fig. 7.7). However, when ABAQUS simulations are performed for one-half of the problem using this boundary condition, the pressure distribution at the soil-shaft contact shows non-physical oscillations. (similar to Fig. 7.4). As a result, it was decided not to take advantage of problem symmetry to reduce the number of nodes for the simulations. 

                                                                                  contact surface

                                soil

                                                         shaft  

                                                         

                                                         applied load

                                                                                           plane of symmetry

Fig. 7.7  Plane of symmetry and contact surfaces.

7.3       INITIAL SOIL EFFECTIVE STRESS CONDITION

Gravity loads were activated before the lateral load was applied to the shaft for each simulation. This does not have much affect on p-y curves but gives a better representation of relative displacements (and thus shear stress distribution) between the shaft and soil. Fig. 7.8 illustrates the concept for the staged simulations that has been used to reproduce the initial soil effective stress condition. At the position of the shaft, two sets of elements are defined. The sets overlap one another, share the same nodes, and have same displacements as a result.  One set of elements has soil properties (‘soil shaft’) with self-weight below the ground surface and without self-weight above the ground surface. The other set of elements has concrete properties (‘concrete shaft’). For the initial condition, elements for the ‘soil shaft’ are activated, while elements for the ‘concrete shaft’ are deactivated. At step 1, gravity loads are applied to the system. At-rest stresses are created within the soil and the soil settles in response. At step 2, the ‘soil shaft’ is deactivated and the ‘concrete shaft’ is activated. Further settlement of the shaft occurs because the concrete is heavier than the soil. Then, at step 3, lateral loads are applied to the ‘concrete shaft’.     
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Fig. 7.8  Staged simulations to reproduce initial soil effective stress condition.

7.4     ABAQUS SIMULATIONS FOR 6 FT. DIAMETER SHAFT

Fig. 7.9 shows the relationship between lateral load and displacement at the top of the shaft. The ABAQUS simulations closely match the field measurements for the initial linear response. In the nonlinear range, the ABAQUS simulations are stiffer than the field measurements. The reason for this discrepancy is that the theoretical moment-curvature relationships used in the  simulations  are stiffer  than those  measured  directly from the shaft (Fig. 6.9).
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Fig. 7.9  Lateral load vs. lateral displacement at top of 6 ft. diameter shaft.

      Figs. 7.10 to 7.12 show, at depths of 3 ft., 7.5 ft., and 17.5 ft., simulated p-y curves, field p-y measurements, p-y curves based on in-situ pressuremeter test (PMT) results (Section 5.5.1, PART 1), and API p-y curves for stiff clay without free water (Reese and Welch, 1975; API, 1993). ABAQUS simulations performed using average E values yield p-y curves that most closely match the field measurements.  At a depth of 3 ft. (Fig. 7.10), all the simulated curves yield well before the field measurement. This may be due to inaccuracy in the input data or deficiencies in the modeling effort. However, the reliability of the measured p-y curves at this depth is in question (Stewart, personal communication). The PMT p-y curves are much softer than the field p-y curve at 3 ft. depth and stiffer the field p-y curve at 17.5 ft. (no PMT curve is available for 7.5 ft. depth). Similarly, the API curves are much softer than the field measurements at depths of 3 ft. and 7.5 ft. and are somewhat stiffer at 17.5 ft. This is due to the effect of increasing effective stress in the API model. Taken as a whole, the ABAQUS p-y curves more closely match the field measurements than p-y curves derived from either API or PMT.
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Fig. 7.10  p-y curves at a depth of 3 ft. for 6 ft. diameter shaft.
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Fig. 7.11  p-y curves at a depth of 7.5 ft. for 6 ft. diameter shaft.
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Fig. 7.12  p-y curves at a depth of 17.5 ft. for 6 ft. diameter shaft.

Figs. 7.13 to 7.17 show simulated and measured plots of curvature vs. depth at the displacement levels of 2 in., 4 in., 12 in., 24 in. and 48 in. at the top of the shaft. The calculated curvature values closely match field measurements in the linear range (displacement level of 2 in. and 4 in.). In the nonlinear range, the calculated values are not in as close agreement below the hinge point of the shaft. However, the peak values of curvature near the hinge point are well matched by the simulations. The discrepancy in the curvature plots is mostly likely due to differences in the E values for the soil. In the current research, uniform E values were assigned to 0-4 ft. and deeper than 4 ft. Fig. 7.9 shows that these E values reproduce the overall behavior of the system (load vs. displacement) very well. However, to closely match the curvature profile, locally correct E values for all soil layers at different displacement levels are needed. The sensitivity of shaft curvature to soil E values of shaft and soil makes it difficult to closely match the curvature profile with the level of test data currently available for the soils at the site.
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Fig. 7.13  Plots of curvature vs. depth at a displacement of 2 in. 

at top of 6 ft. diameter shaft.  
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Fig. 7.14  Plots of curvature vs. depth at a displacement of 4 in. 

at top of 6 ft. diameter shaft.  


[image: image13.emf]0

5

10

15

20

25

30

35

40

45

50

-2.00E-05 0.00E+00 2.00E-05 4.00E-05 6.00E-05 8.00E-05 1.00E-04

Curvature (1/in.)

Depth (ft.)

Lower bound E values

Upper bound E values

Average E values

Field measurements

Displacement at top of shaft: 12 inches

 


Fig. 7.15  Plots of curvature vs. depth at a displacement of 12 in. 

at top of 6 ft. diameter shaft.
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Fig. 7.16  Plots of curvature vs. depth at a displacement of 24 in.

at top of 6 ft. diameter shaft.
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Fig. 7.17  Plots of curvature vs. depth at a displacement of 48 in. 

at top of 6 ft. diameter shaft.

Figs. 7.18 to 7.22 show shaft displacement vs. depth at displacement levels (top of shaft) of 2 in., 4 in., 12 in., 24 in., and 48 in. The ABAQUS simulations closely match the field measurements in a general sense.  However, the match is not so close for detailed views of the shaft below the ground surface, especially in the nonlinear range for the reasons discussed previously.
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Fig. 7.18  Plots of shaft displacement vs. depth at a displacement of 

2 in. at top of 6 ft. diameter shaft.  
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Fig. 7.19  Plots of shaft displacement vs. depth at a displacement of 

4 in. at top of 6 ft. diameter shaft.  
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Fig. 7.20  Plots of shaft displacement vs. depth at a displacement of 

12 in. at top of 6 ft. diameter shaft.  
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Fig. 7.21  Plots of shaft displacement vs. depth at a displacement of 

24 in. at top of 6 ft. diameter shaft.  
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Fig. 7.22  Plots of shaft displacement vs. depth at a displacement of 

48 in. at top of 6 ft. diameter shaft.  

Fig. 7.23 shows gap width (i.e., the distance between the shaft and soil at the ground surface) and shaft displacement at the ground surface vs. displacement at the top of the shaft. The measured gap width is larger than the measured shaft displacement at ground surface. This is due primarily to the fact that cyclic (back-and-forth) loading was applied in the field. In addition, the 3 in. thick unreinforced concrete cover for the shaft cracked and spalled off near the ground surface (Fig. 4.6, PART 1), exposing the reinforcing cage. As a result, the measured gap width was 3 in. larger than what would otherwise have been measured. After correcting for the effect of spalling, the measured gap width is closer to the field measurement of shaft displacement at ground surface. Another reason may be that some soil and concrete fell into the gap hole during testing and thus enlarged the gap width. The ABAQUS results, which include neither of these two effects, show a gap width and shaft displacement at the ground surface that are essentially the same and are both smaller than the field measurements. 

Gap depth values for the 6 ft. diameter shaft are shown in Fig. 7.24.  In this case, ABAQUS predicts a much large gap depth than the field measurements indicate, which seems contradictory to the data in Fig. 7.23 at first glance. However, the field measurements of gap depth are very likely smaller than the actual values due to soil and concrete pieces falling into the gap during testing. ABAQUS indicates that, once the plastic hinge forms, gap depth does not increase much with continued lateral loading.

Hinge point depth values for the 6 ft. diameter shaft are shown in Fig. 7.25. In general, compared to the field measurements, the ABAQUS simulations underestimate the hinge point depth. For the reasons stated previously (curvature is very sensitive), the match is considered to be reasonable.   
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Fig. 7.23  Gap width, shaft displacement at ground surface vs. displacement

at top of 6 ft. diameter shaft.
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Fig. 7.24  Gap depth vs. displacement at top of 6 ft. diameter shaft.
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Fig. 7.25  Hinge point depth vs. displacement at top of 6 ft. diameter shaft.

7.5       ABAQUS PREDICTIONS FOR 2 FT. DIAMETER SHAFT

Similar ABAQUS simulations have been performed to predict the response of a 2 ft. diameter shaft at the same field test site. No field testing of such a shaft has been performed to date, but future testing is proposed. Fig. 7.26 shows the dimensions of the final mesh for the 2 ft. diameter shaft. Most simulations were performed using only upper bound E values due to the smaller expected displacements for this shaft. Fig. 7.27 shows the load-displacement relationship at the top of the 2 ft. diameter shaft. Based on the Fig. 7.9 and the reasons stated in the previous section, it is likely that the actual load-displacement curve will closely match the ABAQUS prediction in linear range, and will be slightly below the predicted curve in the nonlinear range.  Figs. 7.28 to 7.30 show p-y curves at depths of 3 ft., 7.5 ft., and 10 ft. For the 6 ft. diameter shaft, simulations performed using average E values for the soil (Table 6.7) predict the p-y curves reasonably well. However, shaft displacements for the 2 ft. diameter shaft will be much smaller and upper bound E values may predict the actual p-y curves better in this case.  Fig. 7.31 shows plots of curvature vs. depth at displacements of 1 in., 3 in., 5 in., and 7 in. As discussed previously, the actual curvature-depth curve will likely fall below the predicted curves. Fig. 7.32 shows displacement vs. depth at displacements of 1 in., 3 in., 5 in., and 7 in. These curves will probably provide a good overall match to future field measurements. Figs. 7.33, 7.34 and 7.35 show gap width, gap depth, and hinge point depth vs. lateral displacement at the top of the shaft, respectively. Each of these plots look similar to corresponding plots for the 6 ft. diameter shaft, but with smaller values.
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Fig. 7.26  Dimensions of the final mesh for the 2 ft. shaft simulations.
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Fig. 7.27  Lateral load vs. lateral displacement at top of 2 ft. diameter shaft.
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Fig. 7.28  p-y curves at a depth of 3 ft. for 2 ft. diameter shaft.
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Fig. 7.29  p-y curves at a depth of 7.5 ft. for 2 ft. diameter shaft.
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Fig. 7.30  p-y curves at a depth of 10 ft. for 2 ft. diameter shaft.
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Fig. 7.31  Plots of curvature vs. depth at different displacements 

at top of 2 ft. diameter shaft.
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Fig. 7.32  Plots of shaft displacement vs. depth at different displacements

 at top of 2 ft. diameter shaft.  
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Fig. 7.33  Gap width at the ground surface vs. displacement

at top of 2 ft. diameter shaft.
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Fig. 7.34  Gap depth vs. displacement at top of 2 ft. diameter shaft.
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Fig. 7.35  Hinge point depth vs. displacement at top of 2 ft. diameter shaft.

7.6 EFFECT OF SHAFT DIAMETER ON RESULTS OF ABAQUS NUMERICAL  

            SIMULATIONS

◆       Effect of Shaft Diameter on p-y Curves  

Usually p-y curves can be separated into linear and nonlinear parts (Fig. 7.10 to 7.12).  The slope of p-y curves for the linear part is mainly affected by the E value of soil and the shaft diameter. Since the 2 ft. diameter and 6 ft. diameter ABAQUS simulations were performed using the same soil E values, comparison between the slopes of p-y curves at a given depth for both shafts will demonstrate the effect of diameter on p-y curves. 

      Table 3.1 shows the comparison between the initial slopes of p-y curves at several depths for both shafts. All p-y curves were calculated using upper bound soil E values. It can be found that, compared with the 6 ft. diameter shaft, the slope decreases by a factor of 1.8 (average value) for p-y curves of the 2 ft. diameter shaft at all depths. 

Table 3.1  Slopes of p-y curves for initial linear section

	Depth (ft.)  ((()((f(ft.)
	E of soil (psf)
	Slope of p-y curves (psf)
	Ratio

(6 ft./2 ft.)

	
	6 ft. shaft
	2 ft. shaft
	6 ft. shaft
	2 ft. shaft
	

	3
	2×106
	2×106
	3.8×106
	2×106
	1.90

	4
	8×106
	8×106
	1.7×107
	1.0×107
	1.70

	17.5
	8×106
	8×106
	2.2×107
	1.2×107
	1.83


◆       Effect of Shaft Diameter on Displacement vs. Depth Relationship

The 2 ft. and 6 ft. diameter shafts have different lengths, diameters, and displacement levels. Results are thus compared in terms of normalized lengths and displacements. Above the ground surface, all lengths are divided by the length of the shaft above the  ground; Below the ground surface, all length are divided by the embedded length of the shaft. Normalized displacements are calculated by dividing each displacement value by the maximum displacement for the same applied load.

Figs. 7.36 and 7.37 show the relationship between normalized displacement and normalized depth at various displacement levels for the 2 ft. and 6 ft. diameter shafts, respectively. Curves of normalized displacement vs. normalized depth do not change very much at various displacement levels for the 2 ft. diameter shaft. For 6 ft. diameter shaft, the normalized curves show some variation as the shaft goes into nonlinear range. It can also be found that the curves for 2 ft. diameter shaft match with the curves for 6 ft. diameter shaft at small displacement levels (2 and 4 inches).  Comparison of curves in Figs. 7.36 and 7.37 indicates that curves of normalized displacement vs. normalized depth are nearly independent of the diameter of shaft, the embedded length of shaft, and the length of shaft above the ground surface. The curves are essentially determined by shaft and soil properties. 

◆       Effect of Shaft Diameter on Curvature vs. Depth Relationship

Similarly, Figs. 7.38 and 7.39 show the relationship between normalized curvature and normalized depth at various displacement levels for the 2 ft. and 6 ft. diameter shafts, respectively. Normalized curvature is calculated by dividing each curvature value by the maximum curvature for the same applied load. Curves of normalized curvature vs. normalized depth for the 2 ft. diameter shaft show small variation and the curves for the 6 ft. diameter shaft show larger variation. However, the curves for 2 ft. diameter shaft do not match with  the  curves  for  6 ft. diameter shaft at small displacements. For both shafts, the hinge point depth increases with increasing applied load.
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Fig. 7.36  Normalized displacement vs. normalized depth for 2 ft. diameter shaft.
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Fig. 7.37  Normalized displacement vs. normalized depth for 6 ft. diameter shaft.
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Fig. 7.38 Normalized curvature vs. normalize depth for 2 ft. diameter shaft.
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Fig. 7.39  Normalized curvature vs. normalize depth for 6 ft. diameter shaft.
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