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Conclusions

Cast-in-drilled-hole (CIDH) bridge shaft/columns provide a cost-effective, space-saving foundation system for California highway bridge construction. The lateral load response of the system is dominated by flexural response with inelastic deformations typically occurring below grade. The location of the plastic hinge, as well as the overall behavior of the shaft/column is significantly influenced by the interaction between the shaft and the surrounding soil.

The dynamic response of a shaft/column and the surrounding soil involves a variety of complex mechanisms, including nonlinear interaction between the shaft and surrounding soil via shear: passive resistance, radiation damping within the soil, and gapping between the shaft and soil. Both nonlinear Winkler foundation (p-y) analysis, where p denotes the soil reaction per unit length and y denotes the lateral shaft deflection, and nonlinear finite element analysis are approaches commonly used to analyze system responses. In both cases, analytical studies of large-diameter shafts, with significant nonlinear behavior within the reinforced concrete section, have not yet been verified against experimental studies. 

Given the potential uncertainties associated with the used p-y relations for large diameter shafts, a comprehensive research program was undertaken. The research program included field-testing of a large-scale CIDH shaft/column subjected to reverse cyclic lateral displacements (Part I of this report), as well as analytical studies (Part II of this report). The focus of these analyses was the comparison of the experimentally observed responses with results obtained using various analytical models. 

8.1 
research findings 

The research findings are presented in two subsections. First, results obtained using the p-y model studies are presented, followed by the findings obtained in the three-dimensional finite element modeling studies.

8.1.1 Findings: P-y model studies

The research was conducted in two phases. In the first phase of the study a detailed analytical model of a drilled shaft/ bridge column was developed to evaluate overall responses, and to assess the soil-structure interaction, whereas in the second phase static and cyclic analyses, using both API p-y curves and experimental p-y curves were performed and compared with experimental results. 

8.1.1.1 Model assessment

The finite element software framework OpenSees, being developed by the Pacific Earthquake Engineering Research (PEER) Center, was used for the analyses of the column bridge model. A flexibility-based fiber element 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 (e.g., maximum concrete or steel strain, curvature ductility).

The properties of the shaft/column were based on an analytically derived relation that incorporates available materials information. Cover (unconfined) concrete and core (confined) concrete for the fiber elements were modeled using the Kent Park model, whereas reinforcing steel was modeled using a trilinear hysteretic model. The soil was modeled using nonlinear spring elements, spaced at a 1 ft (0.3 m) interval over the height of the shaft. The load-displacement response of the nonlinear spring elements that modeled the shaft-soil interaction were defined using only the API p-y curves in this first part of the study. A variety of steps were taken to assess the reliability and stability of the model. In particular, the following measures were taken (using the API p-y curves): 

1- The moment curvature was developed for the measured shaft/column material properties and compared with the relation obtained experimentally at ground line; the purpose of such analysis was to assess the ability of the model to capture the flexural behavior of the cross section. Good correlation was obtained between the analytical model and the experimental data.

2- Different sensitivity studies were conducted to establish the stability and convergence of the model, as well as the main parameters governing the structural response of the shaft/column. Results from these analyses indicated that: 

- Vertical spacing of the soil springs did not affect the global response of the system significantly; however, for large soil spring spacing, the location of the plastic hinge could not be determined accurately. A closer spacing of soil springs within the region of interest is necessary (within two or three shaft diameters below ground, a spacing of between D/6 and D/2 is recommended). 

· The strength and stiffness of the soil influences the shaft/column capacity. The stiffer and stronger the soil, the higher the shaft/column capacity. 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 shaft/column initial stiffness, whereas an increase of 100% of initial soil stiffness result in an increase of only 5% in shaft/column initial stiffness). However, changes in the soil spring properties have a relatively small impact on the shaft/column lateral capacity (an increase of 100% in strength or stiffness of p-y curves will result in a shaft/column capacity increase of less than 5%).

- at large depth (depth larger than 4 shaft diameters), the shaft deflects very little, and the soil spring at such depth can be replaced by fixed connection. Therefore, the shaft behavior is governed by the soil up to a depth of about four shaft diameters below ground. 

·  Relative to studies conducted with a lateral load applied at ground line, the plastic hinge forms at shallower depth when ground line moment (from the lateral load applied at the top of the column) is applied. 

8.1.1.2 Soil structure interaction effect – Static analyses

Global behavior 

The pushover analyses using API p-y curves exhibits a softer shaft/column response than measured during the test. The yield displacement is about 27% higher than the one obtained from the experimental results. 

The pushover analyses response for the analytical model using experimental p-y curves exhibits similar load–displacement response compared with the experimental results up to approximately three-quarters of the yield force. The yield displacement for the analytical model is about 12% lower than that obtained experimentally. This difference may be due to the effects of cyclic response on material (concrete, steel, soil) behavior. 

A comparison of ground line displacements for the analytical and experimental results reveals similar results, except that greater variation is observed between the experimentally derived p-y curves and the API p-y curves.  

Local behavior

Inelastic flexural deformations (plastic hinge location) within the reinforced concrete shaft are expected to be concentrated between approximately 1.5D to 2.5D below ground line (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 subjected to a lateral load at ground line versus this case where shear and significant moment exist at ground line. 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. Based on test results, the hinge was estimated at approximately 5 ft (1.5 m) below ground. None of the analytical models seems to capture the local behavior (i.e., hinge location, magnitude, local displacement) of the shaft/column. 

8.1.1.3 Soil structure interaction effects – Cyclic analyses

The influence of gapping between the shaft and the soil was investigated by comparing the results of two different models with the experimentally measured results. In the first model, p-y curves derived from the experimental results were used and gapping was not considered. In the second analysis, gapping was considered based on a model proposed by Boulanger et al. (1999). The analyses were carried out using the cyclic displacement history applied to the test system. 

In the common models used in practice, the p-y curve provides an estimate of the composite response of the four components that combine to form the spring element. Use of a gap element model would appear to provide a more flexible and comprehensive approach to accounting for soil-shaft interaction. 

The gap model was coded in C++ and incorporated into the OpenSees platform being developed by the PEER Center. The behavior of the gap element is based on the composite behavior of four sub-elements representing: (1) the elastic behavior of the soil (2) the plastic behavior of the soil (including only frontal soil pressure), (3) the drag behavior, which accounts for the resistance that results from the pile sliding through the soil, and (4) the gap-closure behavior, which accounts for opening and closing of the gap between the shaft and soil.. The elastic, plastic, and gap-closure sub-elements act in series, whereas the drag sub-element is placed in parallel with all the other elements. 

The gap closure sub-element serves as a switch to turn on the plastic and elastic elements when the gap is closed, and turn these elements off when the gap is open. The drag sub-element acts when the gap is open or closed. This revised model is less computationally challenging than the original model proposed by Boulanger et al. (1999) and produces similar results. 

Results of four analyses were presented in this report: (1) p-y curves without a gap element model, (2) a gap element model with three different drag force assumptions (20%, 50% and 80% of the ultimate soil resistance).

Results without a gap element model indicated that the lateral load versus top displacement response is stiffer than the experimentally obtained relation, and the maximum capacity is about 10% higher than the experimental capacity. Results with the gap element model revealed slightly softer behavior compared with the results without the gap element model; it was found that the capacity increases moderately as the capacity associated with drag was increased (for 20% drag, the maximum capacity is about 85% of the experimental capacity, whereas for 50% and 80%, the capacity is about 95% and 100% of the experimental capacity, respectively). 

At local level, the model using experimental p-y curves, without the gap model tends to overestimate the maximum curvature, and underestimate the hinge depth. Results from analytical models using 20% and 50% drag force are less accurate at the local level than at the global level, and estimate the hinge location at depth than observed during the test. It appears that these soil models are too soft, producing lower magnitude curvatures and deeper hinge location than observed in the test. 

Preliminary results calculated from integration of experimental data obtained from soil pressure cells reveals that the normal pressures between the shaft and the soil account for only approximately 20 to 30 percent of the total soil reaction. Results obtained with the gap element model appear to support this finding, as the analytical and experimental results compare closely for the 80% drag case. The model using 80% drag force produces results that are consistent with both global and local experimental results. 

Predictions of a 2 ft (0.6 m) diameter shaft/column were performed to provide a blind prediction of a future test. Similar for the 6 ft (1.8 m) and 2 ft (0.6 m) were obtained regarding the gap influence on the shaft/column behavior, specially that local shaft/column behavior is much more sensitive than global shaft/column behavior to p-y parameter changes.

8.1.2 Findings: Three-dimensional finite element model (ABAQUS) studies

The main objective of this phase of the research was to use a 3-D finite element model (ABAQUS) to provide numerical simulations for the laterally-loaded 6 ft. diameter drilled shaft.  The numerical simulations provided estimates of load-displacement at the top of the shaft, displacement and curvature profiles for the shaft, and p-y curves for the soil at various depths. The numerical results are compared to the field measurements and the accuracy of the simulations is assessed.

The principal conclusions from this research are:       

1- It is possible to account for nonlinear properties of the reinforced concrete shaft if equivalent Young’s modulus (E) values are provided based on a specified moment-curvature relationship for the shaft. Using this method, the shaft is treated as an equivalent linear material and the appropriate modulus values are determined by iteration.

2- Nonlinear properties of the soil were simulated using the elastic-plastic Mohr-Coulomb constitutive model available in ABAQUS. In the current study, the accuracy of the input soil properties was limited by the number of field and laboratory tests conducted. Additional soil test data is needed to provide soil parameters for drained simulations.

3- Results obtained using ABAQUS for lateral load vs. lateral displacement at the top of the shaft were in close agreement with values measured in the field test. Simulation results for shaft displacement vs. depth are in good overall agreement with the field measurements. The match is not so close for detailed views of the shaft below the ground surface. Since it is difficult to estimate accurate soil modulus values for all soil layers at various strain levels, the results are considered to be good. Numerical results for shaft curvature vs. depth are also in good agreement with the field data. This result is especially promising since curvature is quite sensitive to local shaft and soil properties. 

4- The p-y curves obtained using ABAQUS for three sets of soil modulus values bracket the values measured in the field. A reasonable match is obtained if the soil modulus is calculated using 0.5Gmax, where Gmax is the maximum shear modulus obtained from in situ shear wave velocity tests. For a given shaft geometry, the initial slope and yield value of a p-y curve at a certain depth are largely governed by modulus and shear strength, respectively, of the soil at that depth.    

5- According to ABAQUS simulations, shaft diameter has an important effect on the slope of the initial approximately linear section of a p-y curve. Compared with the results for the 6 ft. diameter shaft, the initial slopes of p-y curves at any depth for a 2 ft. diameter shaft are smaller by an average factor of 1.8. The effect of shaft diameter on the yield p values for the p-y curves has not been addressed because soil does not yield for the 2 ft. diameter shaft.

6-  The gap width at the ground surface, the gap depth, and the hinge point depth increase with increasing applied load. The ABAQUS results show a gap width and shaft displacement at the ground surface that are essentially the same and are both smaller than the field measurements. Since the ABAQUS model only simulated static lateral loading condition, this indicates that cyclic lateral loading produces a larger gap around the shaft than static lateral loading. Numerical results for gap depth vs. displacement at the top of both shafts indicate that once the plastic hinge forms, gap depth does not increase much with continued lateral loading. 

8.2 
recommendations FOR future work

Recommendations for future work are discussed in two parts, first with respect to the studies of p-y models including gap effects, and then with respect to the three-dimensional finite element studies. 

8.2.1 P-y model studies

A two dimensional nonlinear fiber element model was generated to study the influence of soil-structure interaction on the structural response of cast-in-drilled hole shaft/columns. Nonlinear p-y curves were used to model the soil-shaft interaction. Both API and experimentally derived p-y curves were used. A comparison of analytical and experimental results indicate that the API curves are too soft for the large diameter shaft/column tested, leading to a low estimate of load capacity, and a deeper hinge location. 

The use of experimental p-y curves resulted in a capacity that exceeded the experimentally measured value by approximately 10%. Further study shows that using a gap element model that includes elastic, plastic, and drag behavior, results in excellent correspondence between analytical predictions and experimental results. The best results were obtained when the peak drag force is taken equal to 80% of the ultimate soil resistance, which is consistent with drag forces implied from the preliminary evaluation of soil pressure cell data. 

Based on these findings, the following future work is recommended: 

1- An experimental test of the 2 ft (0.6 m) diameter shaft/column, subjected to (quasi-static) cyclic loading (similar to the 6 ft (1.8 m) shaft/column test presented in Chapter2) should be performed. This test will allow the ‘gap model’ to be verified for a different specimen, and will also enable the diameter effect on p-y curves to be evaluated.

2- Dynamic testing of the shaft/column should be performed in addition to the quasi-static test. The dynamic excitation source could consist of low amplitude vibrations, where ambient vibrations could be monitored. The results of this testing will be time signals that could be used in system identification analyses to infer stiffness and damping levels in the shaft/soil system 

3- The gap model presented in Chapter 6 should be expended to include the effects of radiation and hysteretic damping. The model could then be calibrated using the dynamic test results presented above (2). In addition, possible rate effects on the soil reaction could be evaluated by comparing the shaft stiffness evaluated from static p-y curves and the stiffness inferred from system identification results. 

8.2.2 Three-dimensional finite element model (ABAQUS) studies
The following recommendations are provided for future use of 3-D finite element models for the analysis of large diameter drilled shafts: 

1- Reinforced concrete has different responses in dynamic loading and static loading. Dynamic loading of the soil surrounding a shaft will also cause different system response. Work is needed on the development of a modeling technique that is capable of simulating the shaft-soil system under dynamic loading conditions. 

2- Soil modulus (E) values at different strain levels should represent an improvement over the results of the current simulations. For example, more accurate soil modulus values should yield better curvature profiles for the shaft.

3- Simulation results from different soil constitutive models (e.g., Mohr-Coulomb, Drucker-Prager, and Cap models) should be compared. This will provide further insight into the effect of different soil properties on the behavior of the shaft-soil system.  

4- Other finite element programs should be investigated for the simulations of partial drainage and internal material distribution of reinforced concrete, together with the shaft-soil surface contact (ABAQUS cannot do this simultaneously). 
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