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Pile caps are structural elements used to transmit loads from structural columns 

into pile groups. A pile cap is generally constructed of reinforced concrete and contains 

only minimal flexural reinforcing steel. Using modern design methods, the anchorage of 

the flexural steel may limit the design capacity of existing pile caps. To develop new data 

on performance of existing pile caps with poorly detailed flexural reinforcing steel, four 

pile cap specimens were constructed and tested. The specimens were full-size 

representations of in-situ pile caps used in a mid-rise hospital building. Materials used to 

construct the specimens were selected to represent those of the in-situ pile caps. Tests were 

conducted until failure or the maximum capacity of the hydraulic loading system was 

achieved. Design methods were used to compare the predicted design strength with the 

measured experimental strength of the specimens. Based on the observed experimental 



 

 

response, specimens exhibited either two-way punching shear or one-way shear failure 

modes. Widespread yielding and little relative slip of the embedded reinforcing steel were 

observed. The modern design methods were sometimes conservative and sometimes 

unconservative in predicting the strength of the specimens.  
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1.0 INTRODUCTION and BACKGROUND 

Pile caps are structural elements used to transmit loads from structural columns 

into pile groups. A pile group consists of a number of piles driven into soil within 

relatively close proximity to each other. The piles resist applied vertical forces through 

skin friction and/or end bearing. Pile caps link the pile group together and distribute the 

column load to them. A pile cap is generally constructed of reinforced concrete. They often 

do not use transverse reinforcing steel and contain only minimal flexural reinforcing steel. 

The geometry of pile caps can vary widely depending on the number of piles, the relative 

locations of the piles to each other, and the column reaction force. However, pile caps 

generally have aspect ratios that would lead them to be considered as deep beams with 

shear dominated response.  

Modern design provisions for pile caps require adequate anchorage of reinforcing 

steel with hooks and bends at the terminated ends. These details ensure that the reinforcing 

steel can achieve the yield stress. Earlier designs, such as those prior to the 1980’s, 

commonly used straight bar terminations for the flexural steel. The effectiveness of 

flexural reinforcing steel with straight-bar terminations in large-sized pile caps is uncertain. 

When using modern design provisions, such as strut-and-tie methods for evaluation, the 

poorly detailed flexural steel may limit the strength of the cap. This was a concern in a 

recent building renovation study for the Veterans Affairs Medical Center (VA) in Portland, 

OR.  

 To provide for increasing demand for services, the hospital is considering adding 

floors to one of the buildings on the medical campus. The ability of the existing 
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foundations to support higher column axial loads could limit the opportunity to add more 

stories to the building. The steel columns in the VA Hospital are supported on foundations 

made up of end-bearing steel pipe piles with reinforced concrete pile caps. Pile cap 

geometry varies depending on the number of piles in the particular pile cap. Each pipe pile 

is designed to resist 195 kips of vertical force. A feasibility study conducted by an 

engineering firm to evaluate the potential for adding an additional story level found that 

four different pile group arrangements would potentially be overstressed under additional 

gravity loads associated with the building expansion. To minimize potential costly and 

disruptive pile cap remediation, full-scale tests of each potentially deficient pile cap were 

conducted to determine their maximum vertical load carrying capacities. These tests, the 

results, and findings are reported in this thesis.  

2.0 LITERATURE REVIEW 

 A review of the available technical literature on the behavior and strength of pile 

caps was performed. The review considered past experimental studies as well as analysis 

and design methodologies and the findings are summarized below.  

2.1 Experimental Studies 

Pile caps were first looked at by Blevot et al. [1967]. The focus of this study was 

the influence of different reinforcement arrangements on the strength of pile caps. 

Approximately 100 tests were performed on what were mostly half-scale specimens. 

Specimens contained multiple pile arrangements. For the common four pile symmetric cap 

it was found that the most effective reinforcement arrangement was to bunch the 
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reinforcement between piles. This arrangement provided an approximate 20 percent 

increase in failure strength. For a three pile cap it was found that spreading the 

reinforcement decreased strength by 50 percent.  

Clarke [1973] became the next to do significant pile cap testing. A total of 15 half-

scale tested were performed to examine four pile caps. Also looking at arrangement Clarke 

[1973] found that concentrating the reinforcement over the piles provided a 14 percent 

increase in strength compared to spreading the reinforcement.  

The next to look at reinforcement distribution as a scope of their study were 

Adebar et al. [1990]. The main scope of this study was overall performance of the pile cap 

and will be discussed in more detail later; however reinforcement distribution was also 

examined. The study included six full-scale pile caps and results showed an increase in 

strength of 18.6 percent when bunched reinforcement was used over uniformly distributed 

reinforcement.  

Suzuki et al. [1998] was the next to document studies that looked at the effect of 

reinforcement layout. In this test 28 specimens were used to determine the effect of bar 

arrangement as well as edge distance. Specimens were not full-scale, averaging 

approximately 88.9cm (35 in.) on each side and about 20 to 30 cm (8 to 12 in.) thick. Three 

main reinforcement layouts were used: uniform bar arrangement, bunched square 

arrangement, and edge distance varied arrangement. It was found that bunched 

reinforcement does provide for greater strength.  
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 Edge distance is another factor of pile cap design that affects the behavior of the 

cap under loading. Minimal testing has been done on the effects of edge distance. Edge 

distance is defined as the distance from the pile to the outside edge of the pile cap. 

Suzuki et al. [1998] found that increased edge distance provides greater yield 

strength and greater ultimate strength. Shorter edge distances tend to lead to shear failure 

quickly after initial flexural yield. Full-scale specimens may provide different failure 

modes, as aggregate size was not scaled in this test and the overall depth of the cap may 

provide for more linear stress distribution than in full scale testing. 

Suzuki et al. [2000] establishes a similar approach as Suzuki et al. [1998]; this 

time focusing mainly on edge distance. This testing included 30 specimens similar in size 

to test done by Suzuki et al. [1998], with the exception of a few specimens as thick as 

40cm (16 in.). All specimens were designed with respect to reinforcement, in an attempt to 

produce flexural failure. The main variance in specimens of same size was edge distance. 

Almost all specimens showed sudden increases in deflection at the estimated point of 

reinforcement yield. The following conclusions were drawn: the greater the edge distance 

the greater the cracking load, yield load, and maximum load and in the case of the thick 

pile caps the edge distance influenced both cracking and strain relationships in the 

specimens. This illustrates that the depth of concrete sections does affect the specimens’ 

response.  

Based on the literature review of the available experimental studies, pile caps are 

historically lightly reinforced elements. Shear reinforcement is almost never used and 

flexural reinforcement is often placed in a single layer. The amount and distribution of 
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reinforcement affects the pile cap strength. Two main types of flexural reinforcement are 

commonly used: 1) bunched reinforcement that places reinforcement groups over piles and 

2) uniform reinforcement that distributes reinforcement uniformly across the pile plan 

dimensions. Past experimental studies have also focused on reduced-scale models 

consisting of a symmetrical four pile group. 

 

2.2 Design and Analysis Methods 

Clarke [1973] was also concerned with cause of failure and the best way to model 

the behavior of pile caps. Two main theories existed at that time. First, bending theory 

where the cap was modeled like a deep beam. The second was a truss analogy, which is the 

foundation of strut and tie modeling. Results showed that the truss model was the best way 

to model strength of pile caps with four or more piles.    

Gogate et al. [1980] also examined the adequacy of the current state of design. At 

the time of testing in 1980 the ACI 318-77 proposed a design of the pile caps in shear 

similar to thin slabs. The shear limits provided in the code were found to be accurate only 

for slender specimens with aspect ratios greater than approximately six. Gogate et al. 

[1980] was the first to express the need for revisions to the current code in an attempt to 

better reflect the behavior of deep pile caps.  

Adebar et al. [1990] attempted to model the behavior of pile caps using strut and 

tie. At the time the current ACI code 318-83 used a two part design method. ACI 318-83 

simplified design to providing enough depth to account for shear using just the concrete 
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contribution and then provided reinforcement based on beam design. The experiment 

included 6 full scale pile caps with varying shape and reinforcement layouts. Approximate 

specimen size was 230cm wide by 180cm wide by 64cm deep (90 in x 70 in x 25in), 

making these some of the largest tested specimens to date. The specimens included four 

identical geometries with four piles, and two unique geometries. The four similar 

specimens A,B,D and E received varying amounts of reinforcement in grouped, uniform or 

a combination of placements. Pile cap F had the same pile spacing however any excess 

concrete that was not considered part of a strut was removed. The result of this was a cross 

or “+” shaped pile cap. The last pile cap (C) was cast with six piles with a rectangular cap.  

Failure loads were then compared with current codes as well as a proposed S&T model. 

The authors provided multiple findings. Increased reinforcement did provide greater 

strengths. The removal of excess concrete for cap F did not greatly affect ultimate strength, 

just 6% less. Specimen F was more brittle than the full specimen. Adebar et al. [1990] 

associated splitting of the compression struts as a source of failure. This occurs when the 

compression stress spreads horizontally and creates tension in the concrete which can lead 

to failure. This type of spreading occurs in what is referred to as “bottle-struts”. It is 

concluded that bearing stress can be an indicator of possible compression strut failure and 

by limiting bearing stress it is possible to limit this failure. Adebar et al. [1990] concluded 

that four of the six pile caps failed due to splitting of the struts before reinforcement 

yielding.  

In an effort to examine his 1990 theory that bearing stress can control strut 

strengths in a pile cap, Adebar et al. [1993] tested 40 cylinders ranging from approximately 

6 to 8 inch (15 to 20 cm) diameter. Maximum aggregate size for testing was 19mm (3/4 
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in). The results of this testing suggest that bearing ACI Building code 318-89 may not be 

conservative when regarding large structures such as pile caps. Results provided a 

maximum bearing stress limit dependent on the aspect ratio of the compression strut, 

amount of confinement, as well as geometry of the compression zone. 

Adebar et al. [1996] published work on how to design pile caps using strut and tie 

models. This work includes an in-depth discussion on what the current design methods are. 

The authors did not test any pile caps exclusively but instead used data gathered by earlier 

works including Deutsche and Walker [1963], Blevot et al. [1967], Clarke [1973], Gogate 

et al. [1980] and Adebar et al. [1990]. A total of 48 pile caps are compared in this study. 

Each is predicted using ACI‘77, ACI ‘83, ACI (11-8), the CRSI handbook as well as the 

authors S&T model. The results do not show the S&T to be more effective when 

comparing experimental to predicted strengths however the coefficient of variation is 

slightly smaller. An important conclusion is that all methods are still conservative Adebar 

et al. [1996] based his S&T model on Adebar et al. [1993] and limits the bearing stress 

based on confinement of the strut as well as its aspect ratio. A conclusion is reached that by 

combining the authors bearing stress limit with ACI Code shear design procedure it is 

possible to cover a wide range of slenderness; ACI procedure controlling more slender 

caps while the authors check limiting deep caps. It is concluded that any pile shear force 

within a critical section (d or d/2) from the face can be ignored because in these instances 

bearing will control.   

Park et al. [2008] did a comparative study of existing data from previous pile cap 

testing. No original data was presented in this report. Analysis of 6 different design 

methods was used. Data from Clarke [1973], Suzuki et al. [1998], [1999], [2000], Otuski 
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[2002], and Gogate et al. [1980] were selected, a total of 116 mostly scaled pile cap tests 

were selected. In this study six design methods were used, special provisions for slabs and 

footings of ACI 318-99, CRSI design handbook [2002], and strut and tie methods in ACI 

318-05, CSA [2004], Adebar et al. [1996], and Park et al. [2008]. Initial investigations 

were selected to find the accuracy (ultimate test load over predicted load) and variation of 

the different methods. Results were as follows: ACI318-99 mean 1.97 COV 0.17, CRSI 

mean 1.96 COV 0.17, ACI318-05 mean 1.73 COV .24, CSA mean 1.74 COV 0.20, Adebar 

et al. [1996] mean 1.44 COV 0.18, and authors mean 1.41 COV 0.18. Initial results 

showed that the most accurate methods were Adebar et al. [1996] and Park et al. [2008]. 

Initial results were based on the limiting failure mode of each method versus the failure 

load. When considering failure type the authors found more accurate representations. Park 

et al. [2008] reported that the limiting load for the majority of the ACI 318-99 and CRSI 

results was flexural strength. However, many of the tested specimens were reported to fail 

in shear. The authors compared the results of the reported shear failures with the shear 

predictions for these methods. It was found that over half of the shear failures were less 

than the predicted shear strengths. Therefore, in many cases ACI 318-99 and CRSI appear 

to underestimate flexural strength and over predict the shear strengths. ACI 318-05 and 

CSA 2002 show some similar results. When these methods were used to predict the 

strength of piles caps reported to fail in shear, it was found that they underestimated the 

flexural strength of the ties and in some cases overestimated the strength in shear of the 

strut or nodal zones. Adebar et al. [1996] was found to predict conservative values for all 

tests, however most were controlled by the flexural prediction. Adebar et al. [1996] used 

bearing capacity as an indicator of strut strength. As in the other methods it was found that 
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specimens that failed in shear had a predicted shear strength greater than failure. Results of 

this report suggest that Adebar et al. [1996] bearing strength limit is not a good indicator of 

pile cap strength as suggested also by Fenton et al. [2004]. The Park et al. [2008] method 

was capable of predicting conservative shear values for the pile caps that fit a particular 

range. Shear span to depth ratios between 0.49 and 1.8 and a concrete strength less than 

5900 psi (41 MPa). The work done by Park et al. [2008] suggests that S&T methods are 

the best tool we have for estimating pile cap strengths.  

Ahmad et all. [2009] provided more evaluation of S&T modeling used in pile cap 

analysis. In this study six four-pile caps were cast and tested. Uniform reinforcement was 

used. The authors provide a quick description of past works but do not use any borrowed 

data. The model used by the authors is a two-dimensional representation of pile caps. The 

authors attribute failure of the specimens to shear and conservatively predicted failure to 

approximately 90% the ultimate load. From provided figures it would appear that one-way 

shear was the failure mode. The authors agree with earlier works that S&T is the best tool 

for estimating capacity. It is also concluded that because S&T is open to variation by the 

designer as to the geometry of the assumed truss, thus predicted loads can be greatly 

affected by designer assumptions. Ahmad et al. [2009] urges more research be done in an 

attempt to generalize an S&T model for pile caps.  

Souza et al. [2009] attempted to developed a three dimensional (3D) S&T model 

for four-pile caps. In this work, the authors use data from previous researchers Blevot et al. 

[1967], Clarke [1973], Suzuki et al. [1998], [1999], [2000], and develop a 3D S&T model 

for predicting strength of pile caps as well as failure mode. The proposed model is based 

on a four-pile cap. Failure is based on shear strength or flexural strength and equations 
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were developed based on geometry of the assumed S&T model. The model is shown to 

accurately predict failure to 87% for the 129 four-pile caps tested with an average test load 

to predicted failure of 1.01 and coefficient of variation of 23%. For cracking and yielding 

predictions only 67 and 69 specimens respectively were used due to limiting data, however 

predictions for these specimens were also very accurate. The model uses empirical 

coefficients for cracking, yielding, and failure that were developed from this data set. 

These coefficients greatly affected the accuracy of the model and it is unseen how good 

they represent specimens that were not a part of the test group.  

2.3 Current Design Provisions 

The American Concrete Institute (ACI) regulates concrete design in the United 

States of America. The current code, ACI 318-08, developed by committee 318 was issued 

in 2008. ACI 318-08 has multiple approaches to pile cap design. The code provides that 

foundations supported by piles be designed to satisfy moment and shear. Flexural 

requirements including reinforcement layout requirements are prescribed based on a 

maximum moment demand. ACI 318-08 bases shear demand on location of piles relative 

to the column. For shallow pile caps, when the distance between the axis of the pile cap 

and axis of the column is more than two times the distance from the top of the pile cap to 

the top of the pile, ACI 318-08 requires the pile cap satisfies both requirements for shear in 

footings and slabs. For foundations on piles that do not satisfy the above criteria, ACI 318-

08 requires either the cap is designed to satisfy the same requirements as if it did meet the 

criteria or it is designed using an S&T approach. The alternative S&T approach was 

introduced into the ACI code in 2002.  
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2.4 Summary and Needs 

Based on the literature review, past experimental studies have focused on reduced-

scale models consisting of a symmetrical four pile group. The applicability of results from 

reduced-scale models to large-sized pile caps is uncertain considering the disturbed strain 

fields and possible scale effects. The current state of design is the strut-and-tie (S&T) 

approach.  S&T modeling allows the designer to simplify the behavior into and equivalent 

truss. The struts are the compression elements usually concrete, and the ties are the 

reinforcement providing tension. The anchorage of the ties is essential to the model 

outcomes and is uncertain for pile caps with poor reinforcing details at nodal regions. 

These uncertainties warrant more detailed study and development of experimental evidence 

on performance of large-sized pile caps with poorly detailed flexural reinforcing steel. To 

produce new data and compare with available design and analysis methods, an 

experimental program was undertaken as described in the next section. 

3.0 EXPERIMENTAL PROGRAM 

In order to address the conservative pile cap strengths discussed above, an 

experimental program was developed. The program consists of full scale testing of replica 

pile caps representing the in-situ piles supporting the VA Hospital. The program consisted 

of material selection, specimen design, instrumentation, testing, data reduction, and 

reporting. 

Four pile caps were considered in the present project and are identified as Pile Cap 

#3, #4, #5, and #7 according to the original design drawings, where the number indicates 
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the number of steel pipe piles in the cap. The specimens were full-size representations of 

those presently supporting steel columns in the VA Hospital. The pile cap specimens were 

constructed according to the available original design drawings and reinforcing steel shop 

drawings (Appendix A and B, respectively) for the VA Hospital. Specimen designs and 

instrumentation plans were reviewed and approved by Degenkolb Engineers prior to 

construction. These following sub-sections describe specimen construction, testing 

methods, and experimental results of the four full-scale pile cap tests. 

3.1 Construction and Materials 

The specimens were constructed in the Structural Engineering Research 

Laboratory at Oregon State University. Specimens were designated as Pile Cap #3, Pile 

Cap #4, Pile Cap #5, and Pile Cap #7, according to the number of pipe piles in each pile 

cap and correspond to the naming convention described in the original design drawings. 

Pile Cap #3 was triangular, Pile Caps #4 and #5 were square, and Pile Cap #7 was 

hexagonal. The first test was of Pile Cap #4, which was performed on April 22, 2011. The 

second test was of Pile Cap #3, which was performed on May 23, 2011.  The third test was 

of Pile Cap #5, conducted on July 14th, 2011. The last specimen, Pile Cap #7, was tested 

August 30th, 2011.  

The pile cap specimens included an upper portion of the pipe piles, a layer of 

reinforcing steel, and anchor rods with confining ties to permit attachment to a column 

base plate. To represent the pipe piles in the present tests, only a short upper portion of the 

pipe was used. The simulated pipe piles were short sections of 24.4 cm (9-5/8 in.) diameter 

round pipe with 1.2 cm (0.472 in.) nominal wall thickness. This is that same as that 
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specified for the driven pipe piles in the VA Hospital. Four pieces of 24 in. long #4 

reinforcing steel were welded to the pipes and 2.5 cm (1 in.) thick, 30.5 cm (12 in.) square 

steel bearing plates with holes corresponding to the reinforcing bar locations were placed 

on the tops of the pipe piles as illustrated in Fig. 3.1.1a. These represent the in situ details. 

Original construction drawings indicated that the top of the pile was to be cut flush to 

obtain 50% minimum bearing. However, the laboratory pipes were saw cut and thus the 

plates sit flush on the full cross section of the pipes. The pipes extended 4 in. into the 

bottom of the pile caps. For specimens #3 and #4, a pipe pile length of 25.4 cm (10 in.) was 

selected to provide sufficient room under the pile cap for placement of instrumentation. For 

specimens #5 and #7 longer pipe lengths (75 cm (29.5 in.)) were used to allow placement 

of a hydraulic cylinder and load cell under the center pile (this is described in more detail 

in the Testing Methodology). For each of the specimens, a layer of ASTM A615-Grade 60 

reinforcing steel was fabricated and placed according to the reinforcing steel fabrication 

shop drawings (shown in Appendix B). The reinforcing steel was held above the pipe 

bearing plates with 1.5 in. chairs. The geometric and reinforcing details for the specimens 

are shown along with photographs of the reinforcing layouts and completed specimens in 

Figs. 3.1.2a to 3.1.5d and Figs 3.1.1b to 3.1.1c. To establish the material properties of the 

reinforcing steel, tensile tests were performed in accordance with ASTM E8. The measured 

mechanical properties are shown in Table. 3.1. Data shown in Table 1 are the average of 

two samples with 2 in. gage lengths. 
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Table 3.1 : Reinforcing steel material properties. 

Property Pile Cap #3 Pile Cap #4 Pile Cap #5 Pile Cap #7 

Bar Size #7 #7 #8 #8 

fy (ksi) 69.5 69.3 66.4 66.6 

fu (ksi) 97.0 96.8 96.9 93.5 

% Elongation 19% 24% 28% 24% 

Heat Number 221409 416910 - 120411 

Supplier Cascade Cascade Cascade Cascade 

 

The concrete mix design used during construction of the in situ pile caps was 

provided in the construction documents and is reported in Appendix C. Because the pile 

caps represented by the present specimens have been in service for over 20 years, they 

have gained significant compressive strength above the specified design strength. Cores 

taken for Degenkolb Engineers from the in-service pile caps were tested by an outside 

testing service (Appendix D) and the reported compressive strengths for three cores were 

46, 46, 42.8 MPa (6670, 6670, and 6210 psi). The average strength was 44.9 MPa (6517 

psi). A single core was tested to establish the split tensile strength as 3.8 MPa (550 psi). To 

reasonably represent the in-situ pile cap concrete materials, a concrete mix was developed 

to provide reasonably representative compressive and tensile strengths based on data from 

cores taken from the in situ pile caps. The mix design used for the present experimental 

study is shown in Appendix E. A key aim of the mix was to achieve relatively high 

compressive strength in a short period of time (two weeks) yet retain the aggregate size, 

type, and distribution representative of the in situ materials.  For this project, both cores 

and cylinder molds were used to assess the concrete properties. The cores were tested 
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according to ASTM C42 and the cylinders according to ASTM C39. The concrete material 

properties are reported in Table 3.2a and 3.2b. As seen here, the compressive strength of 

the concrete used in three of the four specimens was below the average strength from cores 

removed from the in situ pile caps. For specimen #3, the cored strengths were less than the 

in situ strength, while the samples taken from molds were higher. The average of these is 

approximately equal to the in situ strength. 

Table 3.2a: Concrete compressive properties. 

Specimen 
ID 

Sample 
ID 

Relative 
Test 
Day* 

Type 
Nominal 
Diameter 

f'c Average 
St. 

Dev. 

    (in.) (psi) (psi) (psi) 

#3 

1 0 Mold 4 6748 
6860 145 2 0 Mold 4 6806 

3 0 Mold 4 7022 
4 +2 Core 4 7245 

6170 971 5 +2 Core 4 5903 
6 +2 Core 4 5359 

#4 

1 +2 Core 4 5363 

5100 445 
2 +2 Core 4 4821 
3 +2 Core 4 5588 
4 +2 Core 4 4643 

#5 
1 0 Mold 4 6271 

5940 291 2 0 Mold 4 5792 
3 0 Mold 4 5746 

#7 
1 0 Mold 4 6147 

5820 779 2 0 Mold 4 5472 
3 0 Mold 4 5828 

* Number of days after pile cap failure that cores were tested  
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Table 3.2b: Concrete tensile properties. 

Specimen 
ID 

Sample 
ID 

Type 
Nominal 
Diameter 

fct Average St. Dev. 

   (in.) (psi) (psi) (psi) 

#3 
1 Mold 4 659 

650 17 2 Mold 4 635 
3 Mold 4 667 

#4 
1 Core 4 615 

630 25 
2 Core 4 649 

#5 
1 Mold 4 542 

570 49 2 Mold 4 538 
3 Mold 4 624 

#7 
1 Mold 4 594 

590 37 2 Mold 4 554 
3 Mold 4 629 

 

During construction, concrete was placed in three lifts and consolidated with 

vibrators. The concrete strength was achieved within approximately two weeks of casting 

based on cylinder tests made during the time of concrete placement. After curing, the 

specimens were moved onto a strong floor for testing. To allow the specimens to be lifted 

into place on the strong floor, lifting inserts were placed in the concrete over the pile 

locations in regions of the specimens that were considered to be outside the stress fields 

when column loads were applied.  

4.2 Instrumentation 

All specimens were instrumented prior to testing. Sensors were placed to measure 

the applied loads, strains in the reinforcement, slip of the reinforcing steel relative to the 

concrete, and vertical displacements of the pile cap relative to the strong floor. Summary 
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instrumentation for each test is as follows: Pile Cap #3 received 32 strain gages, 10 

displacement sensors and 16 slip sensors. The gages or gage wires are sometimes damaged 

as a resultant of concrete placement. When this occurs, the sensor can no longer be used to 

collect data. For the specimens in this study, the number of gages damaged was relatively 

small. Only 1 strain gage was damaged during construction of Pile cap #3. Pile Cap #4 

received 34 strain gages, 13 displacement sensors and 16 slip displacement sensors. Three 

of the 34 strain gages in Pile Cap #4 were damaged during construction. Pile Cap #5 

received 38 strain gages, 13 displacement sensors and 18 slip displacement sensors. Three 

strain gages were damaged during construction. Pile Cap #7 was instrumented with 34 

strain gages, 13 displacement sensors and 21 slip sensors. Three strain gages were 

damaged during construction of Pile Cap #7.  

To measure strain in the reinforcement, general purpose strain gages were bonded 

at selected locations on the reinforcement as illustrated in Fig. 3.2.1.  These were located 

near the bearing plates and in between the pipe piles as detailed in the instrumentation 

plans. The selected gage size was sufficiently small as to fit between the deformation ribs 

on the rebar. The gages were protected from the wet concrete with mastic, multiple nitrile 

butyl coatings, and then covered with aluminum foil tape.  

Possible slip of the reinforcing bars was measured relative to the exterior surface 

of concrete at selected reinforcing steel locations. After building the forms, holes were 

drilled through the forms at the desired slip measurement locations. Short lengths of 

polyvinyl chloride (PVC) pipe were placed through the holes in the forms and onto the 

ends of the reinforcing bars. This allowed access to the ends of the reinforcement after the 
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concrete cured and the forms were removed. Displacement sensors were mounted on an 

exterior bracket that was bonded to the concrete surface. The tip of the sensor was placed 

in contact with the end of the reinforcing bars to enable direct measurement of slip of the 

bar relative to the concrete. An example reinforcing bar slip instrument location is shown 

in Fig. 3.2.2. 

In addition to reinforcement slip, displacement sensors were placed on the 

specimens to measure vertical displacement relative to the strong floor at selected locations 

as illustrated in Fig. 3.2.3. Instrumentation plans for all 4 pile caps can be found in Figs. 

3.2.4 to 3.2.7. 

3.3 Testing Methodology 

A reaction frame was fabricated to conduct the tests. The frame consisted of two 

W40X431 cross beams and eight 3.5 cm (1-3/8 in.) diameter Dywidag bars on each side. 

The Dywidag hold downs were anchored into a strong floor. The testing frame is illustrated 

schematically in Fig. 3.3.1 and shown in Fig. 3.3.2. 

Load was applied using two 3559 kN (800 kip) nominal capacity hydraulic 

cylinders. Load was measured directly with load cells placed in series with the hydraulic 

cylinders. The applied load was transmitted to a spreader beam which reacted against a 

W14x99 profile attached to a 7.6 cm (3 in.) thick steel bearing plate (Fig. 3.3.3). The 

bearing plate was placed on the concrete pile cap surface and grouted with hydrostone. 
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  Pile caps #5 and #7 were outfitted with an additional hydraulic cylinder and load 

cell placed in series with the center pile, as shown in Fig. 3.3.4, to manually control the 

magnitude of load transmitted to the center pile. The force distribution to the pipes was 

established in previous studies by the engineering consultant to the hospital considering the 

typical pile lengths in the pile groups considered.  The center pipe pile was assigned 10% 

more load than the adjacent piles. Load transmitted to the center pile of Pile Caps #5 and 

#7 was monitored and manually controlled using a separate hydraulic cylinder actuated by 

a manual hydraulic pump. To conduct the tests for Pile Caps #5 and #7, the center pile was 

loaded first to near the target value and then the column load was increased to the target 

value.  Adjustments were made to either the applied column load or applied center pile 

load to achieve the prescribed distribution of pile forces. 

The tests were conducted by manually increasing the pressure applied to the 

hydraulic cylinders to apply load to the column base plate on the surface of the pile caps. 

Data from sensors were continuously acquired using a commercially available data 

acquisition system.  Load was monotonically increased until failure of the specimen or the 

capacity of the hydraulic cylinders was reached. Throughout the tests, specimens were 

monitored to identify cracking and other visible distress. At set load intervals, the loading 

was suspended and visible cracking was mapped on the concrete surface and recorded. 

Digital images and video were also collected to document the tests.  

All data were collected, stored, and reduced, and are reported here. Data reduction 

included zeroing initial sensor values, removing spurious artifacts, and correcting sensor 

offsets that occurred during testing. No data averaging or smoothing was performed. 
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Figure 3.1.1a: Reference location for pipe bearing plates in Figure 2.1b 

 
                                                                     (b)                                                                (c) 

Figure 3.1.1: b) Side view and c) top view of bearing plate with reinforcing details at top of 

pipe pile 

 
 

Location of detail shown in Figs. 2.1b and c 
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Figure 3.1.2a: Plan View – Pile Cap #3 

 

Figure 3.1.2b: Reinforcement placement and formwork for Pile Cap #3 
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Figure 3.1.2c: Elevation View - Pile Cap #3 

 

Figure 3.1.2d: Elevation view of completed specimen on strong floor – Pile Cap #3 
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PL 12x12x1
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Spaced @6.5 in. O-C

 

Figure 3.1.3a: Plan view  for Pile Cap #4 

 

Figure 3.1.3b: Reinforcement placement and formwork for Pile Cap #4 
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Figure 3.1.3c: Elevation plan – Pile Cap #4 

 

 

Figure 3.1.3d: Elevation view of completed specimen on strong floor – Pile Cap #4 
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Figure 3.1.4a: Plan View – Pile Cap #5 

 

Figure 3.1.4b: Reinforcement placement and formwork for Pile Cap #5 
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Figure 3.1.4c: Elevation View – Pile Cap #5 

 

Figure 3.1.4d: Elevation view of completed specimen on strong floor –  Pile Cap #5 
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Figure 3.1.5a: Plan view – Pile Cap #7 

 

Figure 3.1.5b: Reinforcement placement and formwork for Pile Cap #7 
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Figure 3.1.5c: Elevation View – Pile Cap #7 

 

 

Figure 3.1.5d: Elevation view of completed specimen on strong floor – Pile Cap #7 
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Figure 3.2.1: Example strain gage location on reinforcing bar near bearing plate of pipe 

pile 

 

 

Figure 3.2.2: Example reinforcing steel slip displacement sensor 
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Figure 3.2.3 Example vertical displacement measurements of specimen relative to strong 

floor (yellow arrows) and pipe motion relative to concrete (red arrow) 
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Figure 3.2.4: Instrumentation plan for specimen #3 
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Figure 3.2.5: Instrumentation plan for specimen #4 
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Figure 3.2.6: Instrumentation plan for specimen #5 
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Figure 3.2.7: Instrumentation plan for specimen #7 

 
 



35 

 

Elevation View Looking West Elevation View Looking North

2- 800 kip
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load cells
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Spreader Beam

Tandem W40x431 A992
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Figure 3.3.1: Schematic of test setup 

 

Figure 3.3.2: Experimental setup with specimen #5 
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Figure 3.3.3: W14x99 profile attached to 3 in. bearing plate (note: white material is 

hydrostone used to grout baseplate) 

 

 

Figure 3.3.4: Hydraulic Cylinder and Load cell for center pile control with specimen #5 
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4.0 EXPERIMENTAL RESULTS  

In this section, the experimental results for each specimen are reported. These 

include failure load and mode, as well as measured reinforcement slip data, vertical 

displacement data and visually observed crack patterns. The full data sets are included in 

Appendix F3, F4, F5, and F7 for specimens #3, #4, #5, and #7, respectively. Selected data 

are included in the main body of this report to highlight the observed behavior and 

performance of the specimens.  

Reinforcement slip was monitored for several reinforcement bars in each 

specimen.  Some measureable slip was observed for each of the specimens as described 

subsequently. To describe the slip and bond behavior of reinforcing steel, early studies 

commonly reported test results as the slip of the reinforcing bar at maximum load or stress, 

or the force or stress in the bar at a particular slip value. The common slip value used in the 

archival literature was 2.54 mm (0.01 in.) and was taken either at the loaded or unloaded 

end of the bar. It is important to recognize that much of the archival work was concerned 

with working stress conditions and the 2.54 mm (0.01 in.) slip value may not correspond to 

any particular limit state. However it does serve as an historical reference value and thus 

was chosen for use in this report as a reference value to distinguish slip at the ends of the 

reinforcing bars relative to the concrete surface. There were some instances where concrete 

cracking disturbed the instrument mounting and caused a jump in the sensor output. An 

example of this is shown in Fig. 4.1. As seen in this figure, after the observed jump the 

reinforcing bar does not show further slip even as the applied load increases. There were 

other instances where the sensors debonded from the concrete surface during testing. These 
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were reattached with testing in progress and the data were post-processed to remove the 

offset and make the data continuous. 

Another important feature of the tests was to assess if yielding occurred in the 

reinforcement. To establish this, a theoretical yield stress of 413.7 MPa (60 ksi) and 

modulus of elasticity of 200 GPa (29,000 ksi) were used. For these values, the theoretical 

yield strain is approximately 2100 microstrain (10-6/10) for the nominal Grade 60 

reinforcing steel. The locations with strains above nominal yield and the vertical 

displacements at failure are shown for each specimen.  

4.1 Pile Cap #3 

Pile Cap #3 was tested on May 23, 2011. The applied load history is shown in Fig. 

4.2. The load- vertical displacement of the specimen (under the column load) is shown in 

Fig. 4.3. The specimen developed cracks at approximately 2891 kN (650 kips) and was 

loaded to the capacity of the hydraulic system, approximately 1530 kips. Failure was not 

reached at this load. The specimen was then unloaded. Upon unloading the specimen, 

additional cracks were observed at the top surface of the concrete pile cap. A map showing 

the progression of cracks is shown in Fig. 4.4. The specimen was then reloaded. It was able 

to achieve and briefly sustain a load of 6805 kN (1513 kips) before failure. At failure, the 

bottom center point of the pile was displaced 0.16 inches relative to the strong floor. The 

observed failure mode for Pile Cap #3 was one-way shear associated with one of the corner 

piles as shown in Fig. 4.5. Several locations indicated small amounts of reinforcing slip as 

seen in Fig. 4.6. The first reinforcing steel slip was observed at a load of 4003 kN (900 

kips). None of the slip locations achieved the reference reinforcing bar slip of 2.54 mm 
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(0.01 in.) The locations of instrumented reinforcing bars at yield when the specimen failed 

are shown in Fig. 4.7. As seen in the figure, the small amount of rebar slip did not 

adversely affect the ability of the reinforcing steel to achieve yield across the specimen.  

4.2 Pile Cap #4 

Pile Cap #4 was tested on April 22, 2011. The applied load history is shown in Fig. 

4.8. The load-centerline vertical displacement of the specimen is shown in Fig. 4.9. Initial 

cracking was observed at an applied load of approximately 2224 kN (500 kips) and cracks 

were observed on all four sides of the specimen. The load was increased until failure a 

peak load of 5530 kN (1243 kips). At failure, the bottom center point of the pile was 

displaced 50.8 mm (0.20 inches) relative to the strong floor. The observed failure mode for 

Pile Cap #4 was punching shear of the column base plate through the specimen as shown 

in Fig. 4.11. Several locations indicated small amounts of reinforcing slip as seen in Fig. 

4.12. The slip was first observed at a load of (2224 kN) 500 kips. Only four locations 

achieved the reference slip of 2.54 mm (0.01 in.), the earliest at a load of 4450 kN (1000 

kips). The locations of instrumented reinforcing bars at yield when the specimen failed are 

shown in Fig. 4.13. As seen here, the small amount of rebar slip did not adversely affect 

the ability of the reinforcing steel to achieve yield across the specimen.  

4.3 Pile Cap #5 

Pile Cap #5 was tested on July 14th, 2011. This specimen has a pipe pile located 

directly under the column base plate. As described earlier, the center pile was actively 

controlled with a separate hydraulic cylinder. To include the center pile influence, this test 
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was conducted in two parts: 1) the center pile was active and 2) the center pile was 

removed. The applied load history is shown in Fig. 4.14 with the center pile load also 

shown in this figure. The load-centerline vertical displacement of the specimen is shown in 

Fig. 4.15. During part 1, the specimen did not fail and the limits of the hydraulic loading 

system were reached at a maximum load of 6859 kN (1542 kips). The center displacement 

observed at this load was 27.4 mm (0.108 in.) at around 2224 kN (500 kips), initial 

cracking was observed on the southern face however it wasn’t until approximately 4003 

kN (900 kips) that cracking was observed on all 4 sides of the specimen. Observed crack 

patterns and corresponding loads are shown in Fig. 4.16. The first slip readings were 

recorded at 5960 kN (890 kips) however it wasn’t until 6228 kN (1400 kips) that the 

reference slip of 2.54 mm (0.01 in.) was reached. 

After reaching the limits of the hydraulic loading system, the applied load was 

taken off the specimen and the center pile was removed. Then the test repeated. The 

applied load history for this part is also shown at the end of Fig. 4.13. The applied load-

vertical deformation at the center of the pile cap is also included in Fig. 4.14. The load was 

increased until failure at a peak load of 5511 kN (1239 kips). The specimen was softer and 

exhibited more distributed and wider cracking with the center pile removed as seen in Fig. 

4.16. At failure, the bottom center point of the pile was displaced 40.6 mm (0.16 in.) 

relative to the strong floor. The observed failure mode for Pile Cap #5 with the center pile 

removed was punching shear of the column base plate through the specimen as shown in 

Fig. 4.17. The same reinforcing bar that indicated small amounts of reinforcing slip with 

the center pile active showed higher amounts of slip when the pile was removed as seen in 

Fig. 4.18. The locations of instrumented reinforcing bars at yield are shown in Fig. 4.19. 
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As seen here, the small amount of rebar slip did not adversely affect the ability of the 

reinforcing steel to achieve yield across the specimen.  

4.4 Pile Cap #7 

The last specimen was Pile Cap #7 and it was tested on August 30th, 2011. This 

specimen also had a pipe pile located directly under the column base plate that was actively 

controlled with a separate hydraulic cylinder. To include the center pile influence, this test 

was conducted in three parts: 1) the center pile was active and 2) the center pile was 

removed, 3) the center pile was removed and two additional piles (northernmost and 

southernmost) were removed. Failure was not achieved for any of these configurations. 

The applied load history for Parts 1, 2, and 3 is shown in Fig. 4.20 with the center pile load 

also shown in this figure. The load-centerline vertical displacement of the specimen in all 

three parts is shown in Fig. 4.21 (the displacements were reset to zero for each part). For 

Part 1, initial cracking was observed at an applied load of 5783 kN to 6228 kN (1300 to 

1400 kips). The observed crack patterns and corresponding loads are shown in Fig. 5.22. 

The reinforcing bars exhibiting slip response are shown in Fig. 4.23. Initial slip of the 

reinforcement was measured at 5693 kN (1280 kips) in Part 1, however the reference slip 

of 2.54 mm (0.01 in.) was never reached for the 7 pile configuration. There were only 2 

locations that indicated yielding of the reinforcing steel at the maximum applied load. 

During Part 1, the specimen did not fail and the limits of the hydraulic loading system were 

reached at a maximum load of 6860 kN (1542 kips). The center displacement observed at 

this load was 9.1 mm (0.036 in.). The capacity of Pile Cap #7 exceeded the hydraulic 

loading capacity of the system and so the load was removed, the center pile was taken out, 
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and the test repeated as Part 2. The data for Part 2 are shown in the same figures as those in 

Part 1. Additional cracking and deformations were observed for the specimen during Part 2 

of the test as seen in Fig. 4.22. Again the maximum capacity of the hydraulic loading 

system was reached and the specimen did not fail. At the maximum applied force of 6810 

kN (1531 kips), the center displacement was 16 mm (0.063 in.) (initial point was reset to 

zero). In this configuration, the reference slip was reached in 2 bars at approximately 6228 

kN (1400 kips). After reaching the limits of the hydraulic loading system, the load was 

again removed and then two piles were cut off as seen in Fig. 4.24. These were the 

northern most and southernmost piles (labeled 1 and 4 in Fig. 3.7). This was Part 3 of the 

test and the load was again applied to the specimen. The limit of the hydraulic loading 

system was again reached without specimen failure. The maximum applied force was 6788 

kN (1526 kips) and the center pile cap displacement was 29 mm (0.115 in.) (initial 

displacement value was reset to zero). The displacements vs. load for all three cases are 

shown in Fig. 4.21 and the response of the reinforcing bars exhibiting slip is shown in Fig. 

4.25. Failure was never reached and thus the failure mode is unknown. The locations of 

instrumented reinforcing bars at yield during the different parts of the test are shown in 

Fig. 4.26. 

4.5 Experimental Conclusions 

Table 4.1 provides the key experimental data from the testing.  A reference slip of 

2.54 mm (0.01 in.) is considered along with a nominal yield stress of 413.7 MPa (60 ksi). 

Further discussions are found in section 8.0. 
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Table 4.1: Key data from all tests. 

Specimen 
ID 

Max. 
Load 

Failure 
Mode 

Load at 
first 

cracking 

Load at 
first 

reference slipa 

Number of 
bars with slip 

at failurea 

Number 
of bars to 

reach yieldb 

 (kips)  (kips) (kips)   

#3 1513c 
one-way 

shear 
650 

Not 
observed 

0 30/31 

#4 1243 
punching 

shear 
500 1000 4 29/31 

#5 1239d 
punching 

shear 
500 1400 4 15/35* 

#7 1542e n/a 1400 1380 3 2/31* 

a. Reference slip of 0.01 inches 
b. Yield based on 60 ksi nominal strength upon maximum load or failure with all 
piles active. *At  maximum available force (~1540 kips) without failure 
c. Failure upon 2nd load cycle 
d. Failure after center pile removed and reloaded  
e. Specimen did not fail, maximum applied load reported 
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Figure 4.1: Example of spurious slip data due to concrete cracking affecting the 

instrumentation mount. 

 

Figure 4.2: Column load vs. Time – Pile Cap #3 
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Figure 4.3: Column load vs. Centerline vertical displacement – Pile Cap #3 
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Figure 4.4: Crack maps – Pile Cap #3 
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Figure 4.5: Failure of Pile Cap #3 

 

 

Figure 4.6: Slip of reinforcement – Pile Cap #3 
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Figure 4.7: Conditions at failure for Pile Cap #3 
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Figure 4.8: Column load vs. Time – Pile Cap #4 

  

Figure 4.9: Column load vs. Centerline vertical displacement – Pile Cap #4 
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Figure 4.10: Crack maps – Pile Cap #4 
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Figure 4.11a: Failure of Pile Cap #4 

 

Figure 4.11b: Punching of 3 in. thick bearing plate at failure of Pile Cap #4 
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Figure 4.12: Slip of reinforcement – Pile Cap #4 
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Figure 4.13: Conditions at failure for Pile Cap #4 
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Figure 5.14: Column load vs. Time – Pile Cap #5 

 

Figure 4.15: Column load vs. Centerline vertical displacement – Pile Cap #5 
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Figure 4.16: Crack maps – Pile Cap #5 



56 

 

 

Figure 5.17a: Failure of Pile Cap #5 

 

Figure 4.17b: Punching of 3 in. thick bearing plate at failure of Pile Cap #5 
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Figure 4.18: Slip of reinforcement – Pile Cap #5 
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Figure 4.19: Conditions at failure for Pile Cap #5 
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Figure 4.20: Column load vs. Time – Pile Cap #7 

 

Figure 4.21: Column load vs. Centerline vertical displacement – Pile Cap #7 (note: 

displacement was reset to zero for different configurations) 
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Figure 4.22: Crack maps – Pile Cap #7 



61 

 

 

Figure 4.23: Slip of Reinforcement for Pile Cap #7 with 7 and 6 piles intact 

 

 

Figure 4.24: Pile Cap #7 after testing with piles 1, 4 and the center pile removed 
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Figure 4.25: Slip of Reinforcement for Pile Cap #7 with 4 piles. 
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Figure 4.26: Conditions at maximum load for Pile Cap #7 
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5.0 ANALYSIS 

Two different analysis methods were used to predict the strength of the 

experimental pile caps. The current ACI 318-08 design provisions provide multiple 

approaches for design of pile caps. The provisions allow for shear design in accordance 

with 11.11 (Provisions for slabs and footings) as well as with 15.5 (Shear in footings). 

Two-way shear calculations in accordance with ACI 318-08 were included for those pile 

caps that failed in two way shear (Pile Cap #4 and Pile Cap #5). One-way shear 

calculations in accordance with ACI 318-08 were made for Pile Cap #3 that failed in one-

way shear. An alternative approach in ACI 318 is to use Strut-and-Tie Models (S&T) as 

provided in Appendix A. The following section outlines S&T models for all tested pile 

caps and the corresponding ultimate loads. ACI 318-08 provides reductions to concrete 

strengths for certain regions of the S&T model. To help guide development of rational 

S&T models, finite element models were developed for each of the four pile caps. Results 

of this study are detailed below. 

5.1 Finite Element Models 

Finite element analysis (FEA) of nonlinear concrete structures with disturbed stress 

fields is a difficult challenge. In the present study, FEA models were used to assess relative 

stress flow in the pile caps and were not used to predict the strength of the experimental 

specimens. For this reason the models were used only in the elastic range to guide S&T 

models. Finite element analysis results allowed for the extraction of nodal heights and 

approximate shapes, as well as identification of strut geometry and type.  
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Finite element modeling was achieved by the use of Abaqus/Standard [Hibbitt, 

Karlson & Sorenson 2002]. Abaqus allows users to model a wide range of geometries and 

materials by providing large libraries of elements types and materials models.  The finite 

element model combines many factors including material properties, element types, mesh 

density and definition of boundary conditions and applied loads. The following subsections 

detail the FEA models used in this study. 

5.1.1 Element Section Properties  

FEA modeling required two main element types, one representing the concrete pile 

cap and the other representing the embedded reinforcing steel. The concrete pile cap was 

modeled using a solid element with a quadratic integration 20 node block. The reinforcing 

steel was modeled with truss elements and used linear integration.  

5.1.2 Material Properties 

Materials properties for the FEA models were considered to describe those of the 

test specimens. The properties for the steel reinforcement were as follows: Young’s 

Modulus = 200000 MPa (29000 ksi), Poisson’s ratio = 0.15, and plastic strain = 0.003. the 

yield stress of the reinforcing steel was taken as that from the coupon samples as reported 

in Table 3.1.  

For the concrete, the Concrete Damage Plasticity (CDP) Model was used. The 

following properties were used: dilation angle = 31, eccentricity = 0.1, σb0/σc0 = 1.1, K= 

0.55, and viscosity parameter = 0.001. The dilation angle was based on recommendations 

by Malm [2009] for concrete subjected to both tensile and compressive stresses. 
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Eccentricity is a parameter affecting curvature in the stress flow and was based on a default 

value of 0.1. Initial equal biaxial compressive yield stress to initial uniaxial compressive 

yield stress (σb0/σc0) was set to 1.1 based on default setting of 1.16 and broad 

recommendation of 1.07 by Newman et al.  [1972]. “K” represents the second stress 

invariant on the tensile meridian to the compressive meridian. The viscosity parameter was 

set at a value of.001, default is 0.0.  

For the concrete compression parameters, ultimate stress was taken from day-of-

test compression cylinder test results reported in Table 3.2a. The uniaxial stress strain 

relationship was developed using Todeschini et al.’s [1964] approximation. The ultimate 

tensile strength values were determine from testing day-of-test split cylinder tests as 

reported in Table 3.2b. The tensile stress-strain relationship was developed assuming yield 

at 50% ultimate tensile load. 

5.1.3 Boundary Conditions and Loading 

Boundary conditions were applied at the surface of the pile bearing plates to 

restrict vertical displacements while the other degrees of freedom were not restrained. 

Support conditions at one pile location were restricted laterally in both directions to ensure 

numerical stability.  

Loading was applied as a hydrostatic pressure over the surface of the column 

bearing plate. Loads were applied in one step intervals with no less than 10 increments. 
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5.1.4 Assembly 

The model was assembled using a solid element for the concrete portion of the pile 

cap. The pipe piles were not represented in the model, instead a square 30.5 cm by 30.5 cm 

(12 in. by 12 in) surface was cut 12.7 cm (5 in.) into the solid elements at pile locations. 

These surfaces served as boundary surfaces to represent the steel pipe pile bearing. Truss 

elements representing the reinforcing steel were embedded into the solid. The embedment 

constraint rigidly attached the reinforcing steel to the surrounding concrete elements and 

did not allow for slip. This rigid connection is representative of test data.  

The reinforcement was meshed to the same seed size as the concrete for 

computational purposes. Concrete meshing balanced computation efficiency and 

convergence. Concrete elements were taken at least twice the size of maximum aggregate 

size, 1.9 cm (¾ in.) in the present case. Meshing for all specimens was between 4.1 cm. (2 

inches) and 8.2 cm. (4 inches) depending on the overall size of the pile cap. 

5.1.5 Finite Element Modeling Results 

FEA modeling provided stress flows within the different specimens and the results 

were used to establish the geometry of the later S&T models (described subsequently). The 

stress flows provided size and shape approximations for S&T modeling. The stress tensor 

mapping provided evidence that the struts were in fact spreading in the middle region of 

the pile cap and thus should be considered as “bottle-struts.” The results of the finite 

element models are shown in Figs. 5.1a to Figs. 5.7f. Figures labeled principal stress tensor 

show stress tensors that indicate direction and magnitude of the principal stresses (both 
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tension and compression) while figures labeled principal compression or tension show only 

magnitude of the compression and tension stresses, respectively.  

 

 

 

Figure 5.3a: Principal stress tensor Strut A (see Fig. 6.12) in Pile Cap #3 

 

Figure 5.3b: Principal compression Strut A (see Fig. 6.12) in Pile Cap #3 
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Figure 5.3c: Principal stress tension Strut A (see Fig. 6.12) in Pile Cap #3 

 

Figure 5.3d: Principal stress tensor Strut B (see Fig. 6.12) in Pile Cap #3 

 

Figure 5.3e: Principal compression Strut B (see Fig. 6.12) in Pile Cap #3 
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Figure 5.3f: Principal tension Strut B (see Fig. 6.10) in Pile Cap #3 

 

Figure 5.4a: Principal stress tensors cut along strut in Pile Cap #4 

 

Figure 5.4b: Principal compression cut along strut in Pile Cap #4 
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Figure 5.4c: Principal tension stress cut along strut in Pile Cap #4 

 

Figure 5.5a: Principal stress tensors cut along strut in Pile Cap #5 

 

Figure 5.5b: Principal compression stresses cut along strut in Pile Cap #5 
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Figure 5.5c: Principal tension cut along strut in Pile Cap #5 

 

Figure 5.7a: Principal compression Strut A (see Fig. 6.14) in Pile Cap #7 

 

Figure 5.7b: Principal tension Strut A (see Fig. 6.14) in Pile Cap #7 
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Figure 5.7c: Principal stress tensor Strut B (see Fig. 6.14) in Pile Cap #7 

 

Figure 5.7d: Principal compression Strut B (see Fig. 6.14)  in Pile Cap #7 

 

Figure 5.7e: Principal tension Strut B (see Fig. 6.14) in Pile Cap #7 
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5.2 Strut and Tie Models 

Strut and tie models (S&T) are effective tools for designing regions with disturbed 

stress fields. The approach simplifies the region into an equivalent truss. The compression 

elements consisting of concrete are the struts while the tension elements consisting of 

reinforcing steel are the ties. At points of interaction, referred to as nodal zones, hydrostatic 

equilibrium must be met.  

ACI 318-08 prescribes the strength of struts, nodal zones, and ties. The strut 

strength is partially dependent on the shape of the strut. Depending on the member 

geometry, the strut width can increase towards the mid-length. This spreading of the 

compression stresses results in tension stresses acting orthogonal to the compression 

stresses. This type of strut is referred to as a “bottle-strut”. ACI 318-08 uses a partial 

strength reduction factor of 0.75 for bottle struts if adequately reinforced and 0.6 if it is not 

reinforced.  The effective compressive strength of nodes is also specified. ACI 318-08 

reduces the effective compressive strength of nodes that anchor ties. Partial strength 

reduction factors are 0.8 for nodes anchoring a single tie and 0.6 for nodes anchoring 

multiple ties.  

ACI 318-08 specifies that the tie force shall be developed at a point where the 

centroid of the reinforcement leaves the extended nodal zone. Test data along with FEA 

data was examined to establish the participation of the embedded reinforcing steel as ties. 

Measured strain values as well as FEA results were normalized by dividing by yield strain 

as seen in Figs. 5.8 to 5.11. Normalized strains were compared to find the relative strains 

amongst reinforcement steel. As can be most clearly seen in Fig. 5.10, the reinforcing bars 



75 

 

located away from the pipe pile bearing plates did not carry the same amount of force as 

those located that were close to the bearing plates. Considering the nonuniform 

participation of the reinforcing steel, only those bars located within an extended nodal zone 

above the pipe pile bearing plates were attributed to the ties in the S&T models. The 

extended nodal zone was projected upward from the edges of the bearing plate assuming a 

45o distribution angle up to a plane passing through the centroid of the reinforcing steel. 

Considering the geometry of the pile caps, ACI 318-08 anchorage requirements for the ties 

were not met. This was because the available anchorage lengths past the nodal faces were 

less than the prescribed development lengths. The development lengths computed using the 

simplified methods in Chapter 12 of ACI 318-08 for #7 and #8 size reinforcing bars of 

Grade 60 steel were 94 cm (37 in.) and 107 cm (42 in.), respectively.  

5.2.1 S&T Results 

Analysis of the different pile cap specimens was performed using S&T models. 

Each of the models and the results are described below and are reported in Table 5.1. 

Pile Cap #3 

The geometry of the S&T model for Pile Cap #3 is shown in Fig. 5.12. Nodal zone 

approximations were based on finite element modeling results. Nodes at the pipe pile 

bearing locations had an estimated height of 7.62 cm (3 in.) while the node at the column 

bearing plate had an approximate depth of 20 cm (8 in.). Based on test data, all reinforcing 

bars were considered to participate and were used in the idealized ties (see Fig. 4.7, Fig 



76 

 

5.8, and Fig. 5.9. The limiting element was Strut B at the pipe pile bearing plate node. The 

S&T model for Pile Cap #3 resulted in an ultimate load of 3220 kN (724 kips).   

Pile Cap #4 

The geometry of the S&T model developed for Pile Cap #4 is shown in Fig 5.13. 

Reinforcement was grouped to provide two reinforcing bars per tie, resulting in four ties. 

Test data as seen in Fig. 4.13, showed that at failure the reinforcing steel attributed to the 

ties was at yield. The assumed nodal geometries were based on the finite element model, 

with the pipe pile bearing plate node height of 5 cm (2in.) and the column bearing plate 

node height of 17.75 cm (7 in.). The controlling element for the S&T model was the tie 

strength. The ultimate load predicted by the S&T model for Pile Cap #4 was 2326 kN (523 

kips). 

Pile Cap #5 

Pile Cap #5 provided a similar geometry as Pile Cap #4 and is shown in Fig.5.13. The 

middle pile was not considered for this assessment.. Reinforcement was grouped similar to 

Pile Cap #4, with just two reinforcing bars used in each tie. It assumed that the high strains 

in the adjacent non-anchored bar can be attributed to flexural demands.  Assumed nodal 

heights based on the finite element model are 7.62 cm (3in.) at pipe pile bearing nodes and 

23 cm (9in.) at the column bearing node. Ultimate load was controlled by yielding of ties. 

Ultimate capacity was found to be 2402 kN (540kips). 
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Pile Cap #7 

The geometry of the assumed strut and tie model for Pile Cap #7 is shown in Fig.5.14. Two 

different strut types were considered. Nodal heights at pipe pile bearing nodes were taken 

as10.2 cm (4 in.) and nodal depth at column bearing was considered 23 cm (10 in.) these 

are estimations taken from the finite element model. Yielding of ties 1 and 2 were the 

limiting factors of the design. Ultimate capacity was found to be 3411 kN (767 kips).  

5.3 One-way and Two-Way Shear Models 

Shear strength was also predicted using ACI 318-08 Section 11.11 (Provisions for 

slabs and footings) as well as with 15.5 (Shear in footings). Two-way shear calculations in 

accordance with ACI 318-08 were included for those pile caps that failed in two-way shear 

(Pile Cap #4 and Pile Cap #5). One-way shear calculations in accordance with ACI 318-08 

were made for Pile Cap #3 that failed in one-way shear.  

ACI 318-08 Section 11.11 prescribes the strength of a normal-weight concrete slab 

subjected to two-way punching shear as the lesser of: 

Vc = (2+4/β)*(√f’c)*b0d 

Vc = (αd/ b0+2)*(√f’c)*b0d 

Vc = 4*(√f’c)*b0d 
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where d is the depth of the member, b0 is the perimeter of the critical section , f’c is the 

concrete compressive strength, β is the ratio of the long side of the column to the short side 

of the column (1 for square columns), and α is 40 for interior columns. This equation was 

used to evaluate the strength of Pile Caps #4, #5, and #7 with the critical section taken at 

d/2 from the face of the column bearing plate. Pile caps #4 and #5 both exhibited two-way 

punching shear failures. Pile Cap #7 was not tested to failure due to limitations of the 

present laboratory setup. For the analysis of Pile Caps #5 and #7, the center pile was 

ignored. The computed two-way punching shear strengths for the specimens are reported in 

Table 5.1. The predicted two-way punching shear strength for Pile Cap #4 was 

conservative, but for Pile Cap #5 was unconservative. This indicates that the present design 

provisions may not apply to the large-size pile cap specimens considered in this study.  

ACI 318-08 Section 11.2 prescribes the strength of a normal-weight concrete slab 

subjected to one-way shear as:  

Vc = 2*(√f’c)*bwd 

where d is the depth of the pile cap, bw is the width at critical section, and f’c is the concrete 

compressive strength. This equation was used to evaluate the strength of Pile Cap #3 with 

the critical section taken at midpoint between the edge of the column bearing plate and the 

edge of the pipe pile bearing plate on the corner of the pile cap that failed. Pile Cap #3 

exhibited a one-way shear failure along the corner with the smallest available width. The 

computed one-way shear strength was 195 kips which was multiplied by three (3) to 

account for the distribution of the applied column force to the three pipe piles and is 
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reported in Table 5.1. The predicted one-way shear strength for Pile Cap #3 was very 

conservative. 

Table 5.1: Analysis Results 

Specimen 
S&T 

controlling 

Load (kips) 

One-way 

shear load 

(kips) 

Two-way 

shear load 

(kips) 

Experimental 

failure load 

(kips) 

Pile Cap #3 724 585 N.A. 1513 

Pile Cap #4 523 N.A. 958 1234 

Pile Cap #5 540 N.A. 1591 1239 

Pile Cap #7 767 N.A. 2,339 N.A. 

 

 

Figure 5.8: Pile Cap #3 Normalized reinforcement strain 
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Figure 5.9: Pile Cap #3 Normalized reinforcement strain 

 

Figure 5.10: Pile Cap #4 Normalized reinforcement strain 

 

Figure 5.11: Pile Cap #5 Normalized reinforcement strain 
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Figure 5.12: Pile Cap #3 assumed S&T geometry 

 

Figure 5.13: Pile Cap #4 and #5 assumed S&T geometry 
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Figure 5.14: Pile Cap #7 assumed S&T geometry 

 

6.0 SUMMARY and CONCLUSIONS 

 

Four pile cap specimens were constructed and tested to better establish 

performance and ultimate strength of pile caps containing poorly detailed flexural steel. 

The pile cap specimens were full-size representations of in-situ pile caps used in a mid-rise 

hospital building. The pile cap specimens were constructed according to the available 

original design drawings and reinforcing steel shop drawings. Materials used to construct 
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the specimens were selected to represent those of the in-situ pile caps based on previously 

collected material samples. The tests were conducted until failure or the maximum capacity 

of the hydraulic loading system was achieved. ACI design methods were used to compare 

the predicted design strength with the measured experimental strength of the specimens. 

The design methods included one-way shear, two-way shear, and S&T methods. FEA 

models were used to guide development of the S&T models. Based on the experimental 

and analytical studies, the following conclusions are presented: 

 The failed specimens exhibited either two-way punching shear (Pile Caps #4 and 

#5) or one-way shear (Pile Cap #3) failure modes.  

 The failed specimens exhibited widespread yielding of the reinforcing steel at 

failure. 

 The test specimens exhibited little relative slip between the reinforcing steel and 

surrounding concrete. The instrumented reinforcing bars that exhibited slip still 

achieved the nominal yield stress of the steel at failure. 

 The one-way shear strength predicted by ACI 318 for Pile Cap #3 was very 

conservative. This was the only specimen that exhibited one-way shear failure. 

  The two-way shear provisions in ACI 318 were found to be both conservative and 

unconservative for the different test specimens. The uniform applicability of the 

present two-way shear provisions to large-sized pile caps is uncertain. 

 The S&T models considered provided quite conservative estimates of strength 

compared to the measured strength of the pile cap specimens.  

 The predicted failure loads for most of the S&T models were limited by the tie 

strength due to the short available anchorage lengths. However, experimental 
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results showed that the reinforcing bars were able to achieve yield at the face of the 

nodal zone. Thus present ACI anchorage requirements appear to be conservative 

for such details. 

 Based on the large observed conservatism of the S&T methods, experiments may 

be the best way to establish the available strength for an existing pile cap with poor 

flexural details.  
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APPENDIX A – Original Design Drawings 
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     Figure A.1: Original Design Drawing (1 of 3) 
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Figure A.2: Original Design Drawing (2 of 3)  
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Figure A.3: Original Design Drawing (3 of 3) 
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APPENDIX B – Shop Drawings of In situ Pile Caps 
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Figure B.1: Shop Drawings of In-Situ Pile Caps (1 of 4) 
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 Figure B.2: Shop Drawings of In-Situ Pile Caps (2 of 4) 
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Figure B.3: Shop Drawings of In-Situ Pile Caps (3 of 4) 
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Figure B.4: Shop Drawings of In-Situ Pile Caps (4 of 4) 
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APPENDIX C – Concrete Mix Design for In situ Pile Caps 
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Figure C.1: Concrete Mix Design for In-Situ Pile Caps (1 of 5) 
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 Figure C.2: Concrete Mix Design for In-Situ Pile Caps (2 of 5) 
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 Figure C.3: Concrete Mix Design for In-Situ Pile Caps (3 of 5) 
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 Figure C.4: Concrete Mix Design for In-Situ Pile Caps (4 of 5) 
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 Figure C.5: Concrete Mix Design for In-Situ Pile Caps (5 of 5) 
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APPENDIX D – Concrete Core Strengths for In Situ Pile Caps 
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 Figure D.1: Concrete Core Strengths for In-Situ Pile Caps (1 of 3) 
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Figure D.2: Concrete Core Strengths for In-Situ Pile Caps (2 of 3)
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Figure D.3: Concrete Core Strengths for In-Situ Pile Caps (3 of 3) 
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APPENDIX E – Concrete Mix Design for Pile Cap Specimens 
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Figure E.1: Concrete Mix Design for Pile Cap Specimens (1 of 3) 
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 Figure E.2: Concrete Mix Design for Pile Cap Specimens (2 of 3)  
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 Figure E.3: Concrete Mix Design for Pile Cap Specimens (3 of 3)  

 



111 

 

 

 

APPENDIX F – Experimental Data for All Pile Cap Specimens 
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Figure F3.1: Column Loading – Pile Cap #3 

 

Figure F3.2: Column load vs. Strain (1 of 4) – Pile Cap #3 
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Figure 3.3: Column load vs. Strain (2 of 4) – Pile Cap #3 

 

Figure F3.4: Column load vs. Strain (3 of 4) – Pile Cap #3 
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Figure F3.5: Column load vs. Strain (4 of 4) – Pile Cap #3 

 

Figure F3.6: Column load vs. Displacement (1 of 2) – Pile Cap #3 

Strain (in^-6/in)

L
o

a
d

 (
K

ip
s
)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

9C
10A
10B
11A
12A
12C
11B

Displacement (in)

L
o

a
d

 (
K

ip
s
)

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

BOT CENT
BOT W
BOT N
BOT S



115 

 

 

Figure F3.7: Column load vs. Displacement (2 of 2) – Pile Cap #3 

 

Figure F3.8: Column load vs. Slip (1 of 2) – Pile Cap #3 
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Figure F3.9: Column load vs. Slip (2 of 2) – Pile Cap #3 

 
 

Figure F4.1: Loading – Pile Cap #4 
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Figure F4.2: Column load vs. Strain (1 of 4) – Pile Cap #4 

 

FigureF4.3: Column load vs. Strain (2 of 4) – Pile Cap #4 
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Figure F4.4: Column load vs. Strain (3 of 4) – Pile Cap #4 

 

Figure F4.5: Column load vs. Strain (4 of 4) – Pile Cap #4 
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Figure F4.6: Column load vs. Displacement (1 of 2) – Pile Cap #4 

 

Figure F4.7: Column load vs. Displacement (2 of 2) – Pile Cap #4 
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Figure F4.8: Column load vs. Slip (1 of 2) – Pile Cap #4 

 

Figure F4.9: Column load vs Slip (1 of 2)  – Pile Cap #4 

Slip (in)

L
o

a
d

 (
K

ip
s
)

0 0.004 0.008 0.012 0.016 0.02 0.024 0.028 0.032 0.036
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

Slip CS
Slip HS
Slip AN
Slip BN
Slip CN
Slip DN
Slip EN
Slip HN

Slip (in)

L
o

a
d

 (
K

ip
s
)

0 0.003 0.006 0.009 0.012 0.015 0.018 0.021
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

Slip 3E
Slip 7E
Slip 8E
Slip 10E
Slip 11E
Slip 3W
Slip 9W
Slip 9E



121 

 

 

Figure F5.1: Loading – Pile Cap #5 

 

Figure F5.2: Column load vs. Strain (1 of 4) - Pile Cap #5 (5 piles) 
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Figure F5.3: Column load vs. Strain (2 of 4) – Pile Cap #5 (5 piles) 

 

Figure F5.4: Column load vs. Strain (3 of 4) – Pile Cap #5 
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Figure F5.5: Column load vs. Strain (4 of 4) – Pile Cap #5 

 

Figure F5.6: Column load vs. Displacement (1 of 2) – Pile Cap #5 

Strain (in^-6/in)

L
o

a
d

 (
K

ip
s
)

0 1000 2000 3000 4000 5000 6000 7000
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

D8.5
E6
E8.5
H3.5
H8.5
I3.5
I6
I8.5
9H.5
10C.5

Displacment (inches)

L
o

a
d

 (
K

ip
s
)

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

BOT CENTER
BOT S
BOT E
BOT N
BOT W



124 

 

 

Figure F5.7: Column load vs. Displacement (2 of 2) – Pile Cap #5 

 

Figure F5.8: Column load vs. Slip (1 of 2)  – Pile Cap #5 
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Figure F5.9: Column load vs. Slip (2 of 2) – Pile Cap #5 
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Figure F7.1: Column Load vs. Time –  Pile Cap # 7 

 

Figure F7.2: Column load vs. Strain (1 of 4) – Pile Cap #7 (7 and 6 piles)  
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Figure F7.3: Column load vs. Strain (2 of 4) – Pile Cap #7 (7 and 6 piles) 

 

Figure F7.4: Column load vs. Strain (3 of 4) – Pile Cap #7 (7 and 6 piles)  
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Figure F7.5: Column load vs. Strain (4 of 4) – Pile Cap #7 (7 and 6 piles)  

 

Figure F7.6: Column load vs. Strain (1 of 4) – Pile Cap #7 (4 Piles) 
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Figure F7.7: Column load vs. Strain (2 of 4) – Pile Cap #7 (4 Piles) 

 

Figure F7.8: Column load vs. Strain (3 of 4) – Pile Cap #7 (4 Piles) 
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Figure 7.9: Column load vs. Strain (4 of 4) – Pile Cap #7 (4 Piles) 

 

Figure F7.10: Column load vs. Displacements (1 of 2) – Pile Cap #7 (7 and 6 

Piles) 
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Figure F7.11: Column load vs. Displacement (2 of 2) – Pile Cap #7              

(7 and 6 Piles) 

 

Figure F7.12: Column load vs. Displacement (1 of 2) – Pile Cap #7 (4 Piles) 
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Figure F7.13: Column load vs. Displacement (2 of 2) – Pile Cap #7 (4 Piles) 

 

Figure F7.14: Column load vs. Slip (1 of 3) – Pile Cap #7 (7 and 6 Piles)  
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Figure F7.15: Column load vs. Slip (2 of 3) – Pile Cap #7 (7 and 6 Piles)  

 

Figure F7.16: Column load vs. Slip (3 of 3) – Pile Cap #7 (7 and 6 Piles) 
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Figure F7.17: Column load vs. Slip (1 of 3) – Pile Cap #7 (4 Piles) 

 

Figure F7.18: Column load vs. Slip (2 of 3) – Pile Cap #7 (4 Piles) 

Slip (inches)

L
o

a
d

 (
k

ip
s

)

-0.001 0.0005 0.002 0.0035 0.005 0.0065 0.008
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

SLIP EW
SLIP GW
SLIP IW
SLIP 9N
SLIP 8N
SLIP 4N

Slip (inches)

L
o

a
d

 (
k

ip
s

)

-0.003 0 0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

SLIP JE
SLIP IE
SLIP HE
SLIP GE
SLIP FE
SLIP EE
SLIP 3S



135 

 

 

Figure F7.19: Column load vs. Slip (3 of 3) – Pile Cap #7 (4 Piles) 
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