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Abstract 

 

Experimental Investigation of Bottom Mat Reinforcement Details in 

Drilled-Shaft Footings 

 

Ryan Ann Boehm, M.S.E. 

The University of Texas at Austin, 2020 

 

Supervisor: Oguzhan Bayrak 

 

An experimental investigation on the structural behavior of drilled-shaft footings 

(pile caps) with different reinforcement details is presented. Four large-scale drilled-shaft 

footing specimens were tested subjected to a concentric vertical force up to failure. The 

specimens had the same geometry and amount of bottom mat reinforcement, but different 

reinforcement layout (uniform grid vs. banded) and anchorage details (straight vs. hooked 

bars). Three drilled-shaft footing specimens failed in a brittle manner upon experiencing 

severe diagonal and punching shear cracking, while one specimen with straight bars and 

uniform grid reinforcement failed by premature bar slip. Test results show that banding 

reinforcement over the supports does not improve the ultimate strength as compared to a 

uniform grid layout. Analytical strength predictions using strut-and-tie modeling 

provisions in AASHTO LRFD are compared to the experimental results, and modifications 

to current design methods are presented and discussed. 
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CHAPTER 1 INTRODUCTION 

1.1 OVERVIEW 

Reinforced concrete drilled-shaft footings supported on a grid of drilled shafts is a 

widely used foundation system for bridge columns. The response of deep drilled-shaft 

footings (pile caps) is governed by a complex three-dimensional load-resisting mechanism. 

The design and detailing of these elements varies highly depending on the selection of 

sectional methods or strut-and-tie modeling (STM) design approaches, and the lack of 

guidance in the use of STM for three-dimensional members. Sectional analysis and STM 

approaches may result in different layouts of the bottom reinforcement: sectional analysis 

commonly results in a uniformly distributed grid layout footing, while STM methods 

require reinforcing bars to be banded over the drilled shafts. The anchorage of the bars is 

also affected by the choice of method utilized. Current practice results in a variety of 

layouts and anchorage types. 

This MS thesis presents an experimental study on the response of drilled-shaft 

footings with different bottom reinforcement configurations. Four large-scale footing 

specimens were tested in the laboratory under a concentric vertical force up to failure. The 

specimens had the same geometry and amount of bottom mat reinforcement, but different 

reinforcement layout (uniform grid vs. banded) and anchorage details (straight vs. hooked 

bars). The experimental results are presented and discussed in the scope of the different 

reinforcing details used for each specimen. Test results are also compared to strength 

predictions obtained with different STM approaches.  
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1.2 BACKGROUND  

STM vs. Sectional Approach 

Sectional analyses cannot capture the nonlinear distribution of strains along 

member depth and may not appropriately capture size effect, which can significantly affect 

the shear strength of a deep member. The strut-and-tie method considers an idealized flow 

of forces through the structure. In this method, the footing is visualized as an assemblage 

of axially-loaded concrete struts (compression) and steel ties (tension). Past research has 

shown that the strut-and-tie method is superior to the sectional approach for analyzing and 

designing deep footings. 

Sabnis and Gogate (1984) tested nine small-scale drilled-shaft footings to verify 

their recommendations (1980) that ACI 318-77 required specific provisions for deep 

footings to avoid underestimating their shear strength. They predicted the failure loads 

using CRSI Handbook (1978), ACI 318-77, a truss analogy, and their 1980 method. The 

truss analogy had experimental to analytical value ratios ranging from 0.8 to 2.04. 

Excluding the truss analogy, the ratios ranged from 1.17 to 1.88 for the remaining methods. 

Adebar et al. (1990) designed two diamond-shaped footings for a column load of 

450-kips using two methods: Specimen A was designed using the ACI provisions, while 

Specimen B was designed using STM. Specimen A was predicted to fail by flexure at a 

load of 481-kips but failed by two-way punching at a load of 401-kips, 83% of the predicted 

strength. Specimen B was predicted to fail by tie yielding at a load of 450-kips and failed 

at a load of 493-kips by tie yielding and punching shear. This supports that STM is better 

suited to design of footings and produces conservative results.  

Adebar et al. also compared two specimens that differed only in shape: Specimen 

D was diamond-shaped, while Specimen F was cruciform-shaped and lacked the corner 
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zones of concrete. ACI provisions predicted that Specimen D would have 60% greater 

shear strength than Specimen F as a result of the larger plan area of concrete. STM 

predicted that the specimens would have comparable strengths, since the reinforcement 

was identical. The difference in failure loads was 7%, reinforcing that STM is a more 

accurate method for predicting drilled-shaft footing strength. 

Furthermore, Adebar et al. used surface mounted gauges that confirmed that the 

horizontal strains through the depth of a specimen were highly nonlinear throughout 

testing. Because the sectional method assumes that the strains are linearly distributed, STM 

is better suited for this behavior. Strain gauges along reinforcement in a specimen 

confirmed that the tie force was approximately constant along the length and fell by about 

25% at the ends. 

Adebar and Zhou (1993) tested over 60 unreinforced concrete cylinders with 

varying height, diameter, and confinement volume. They developed equations to predict 

splitting strength of an isolated strut. Adebar and Zhou (1996) used these equations as the 

basis of their proposed STM, which was able to better estimate footing capacities than 

ACI318-83 and CRSI Handbook (1992).  

Challenges of 3D STM 

Despite the acceptance of STM as being more appropriate for deep members by 

previous research, designers have difficulty applying the two-dimensional STM to three-

dimensional members. There are several challenges in the process, including ambiguous 

geometry (the position of the top node and smeared nodes) and confinement effects. It is 

uncertain how to measure the provided development length of the bottom mat 
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reinforcement above the shafts due to the complicated nodal geometry formed in the 

footing. 

Effect of Reinforcement Details on Footing Behavior 

Previous research investigated the effects of bottom reinforcement layout and 

anchorage on the strength and serviceability of drilled-shaft footings, but was performed 

at a scale significantly smaller than actual bridge element dimensions. Because footings 

are deep members typically governed by shear, the size effect is critical to their 

performance. 

Bar Layout 

Researchers evaluated how different layouts of the bottom reinforcing bars affect 

the ultimate strength and serviceability of footings. Blévot and Frémy (1967) conducted 

direct compression tests on two-, three-, and four-pile footings with varied bottom mat 

reinforcement layouts. The scale of these tests was small: typically 2-ft x 2-ft x 1-ft. Blévot 

and Frémy reported that four-pile footings with reinforcement banded above pile 

centerlines resulted in approximately 20% greater failure loads than those with the same 

quantity of reinforcement distributed evenly in a grid layout. The researchers noted that 

wide cracks under service loads on the banded reinforcement specimens necessitates 

smaller bars in the unreinforced center section for crack control. The failure mode is 

difficult to determine because drilled-shaft footings show an interrelationship between 

shear and bending failures. 

Clarke (1973) tested 15 footings under direct compression with four drilled shafts 

varying side length, bottom reinforcement layout, and anchorage of bottom reinforcing 

bars. The scale is larger compared to Blévot and Frémy: the typical specimens were 37-in 

x 37-in x 18-in. Bottom mat reinforcement was tested in grid, banded, and diagonal banded 
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configurations. Clarke concluded that banding the steel in a square allows for a maximum 

load 14% higher than if the same amount of steel were arranged in a grid layout. Banding 

the steel in a diagonal pattern did not significantly improve the strength. All of the footings 

tested by Clarke failed in shear. Clarke observed that the crack patterns for the side faces 

were very similar regardless of the layout of reinforcement. However, the cracks developed 

much quicker in the specimens with diagonal banded layout than in the square banded 

layout or the grid layout. 

Suzuki et al. (1998) tested 28 four-drilled-shaft footings under direct compression 

varying bottom reinforcement layout, edge distance, and footing depth. They investigated 

two layouts: uniformly distributed grid and square banded. Suzuki et al. concluded that 

banding the steel in the square layout improved the strength by 10-15% when compared to 

the grid layout. However, they found that the smallest specimens with 8-in depth did not 

exhibit this higher strength, most likely due to the failure mode being more similar to a slab 

than a deep member. 

Bar Anchorage 

Clarke et al. (1973) also looked at four types of anchorage for the bottom mat 

reinforcement: straight bars, bars with a 90-degree bend, bars with a 90-degree bend with 

additional 10-in, and bars with the aforementioned detail with an added 90-degree bend at 

the top. Clarke found that the use of a 90-degree bend increased the maximum load by 

about 5% when compared to straight anchorage. However, after normalizing the maximum 

load by dividing by the concrete strength, it appears that the reinforcing bars with the 90-

degree bend do not increase the maximum load in the grid nor diagonal banded specimens. 

Furthermore, Clarke found that the bars with the additional 10-in, with or without the added 

90-degree bend at the top, increased the maximum load by about 30%. However, Clarke 
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states that this increase in maximum load is not due to the effect of the anchorage but is 

due to the additional parts of the bars acting as shear links. Clarke concluded that the type 

of anchorage did not have a major impact on the type of shear failure. 

Suzuki et al. (1998) compared 180-degree hooks and bent-up anchorage. They 

found that bent up bars resulted in a higher maximum load than 180-degree hook bars. 

Specimens with bent up bottom reinforcement had approximately 30% larger maximum 

loads compared to those with 180-degree hook bars.  

1.3 RESEARCH SIGNIFICANCE 

Current design of drilled-shaft footings varies highly due to the legacy application 

of sectional methods and the lack of guidance in the use of strut-and-tie models for three-

dimensional members. Previous research studies on this type of members have been 

conducted employing specimens with a relatively small scale. The results of the large-scale 

tests presented in this investigation are valuable to understand the behavior of deep 

footings, and to inform their design based on strut-and-tie models and detailing of the 

bottom mat reinforcement. 

1.4 THESIS ORGANIZATION 

This thesis includes five chapters including this introductory chapter. Chapter 2 

describes the experimental program including specimen design, test setup, and 

instrumentation. Chapter 3 presents the experimental results, and Chapter 4 analyzes the 

capacity of the footings using STM methods. Finally, Chapter 5 summarizes the main 

findings and conclusions of this research. 

In addition, there are three appendices in this thesis. Appendix A includes details 

about the specimen design, including reinforcement layouts, development length 
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calculations, and initial capacity calculations. Appendix B includes material properties for 

concrete and steel. Appendix C includes additional experimental data (individual load-

deflection plots, STM calculations, and post-failure photos). 
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CHAPTER 2 EXPERIMENTAL PROGRAM 

2.1 SPECIMEN DESIGN & FABRICATION 

This experimental program was comprised of four drilled-shaft footing specimens 

with identical geometry, as shown in Figure 2-1.  

 

 

Plan View Side View 

Figure 2-1: Specimen geometry 

Each test specimen consisted of a deep square footing and a 4-in tall column stub. 

Four circular bearing plates were used to represent the support provided by drilled shafts. 

In a test, a vertical load was applied at the column stub to study the shear resisting 

mechanism under uniform compression reactions in the supports. The test specimens were 

loaded monotonically until failure occurred in the footing. To prevent premature concrete 

crushing in the column stub, the 4-in stub was laterally encased with steel strips. 

To inform the specimen design, the Texas Department of Transportation (TxDOT) 

provided design data on 41 drilled-shaft footings from 16 representative projects. The 
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footings were constructed between 1999 and 2014 in Texas. The average bottom 

reinforcement ratio was 0.49% and ranged from 0.20% to 0.98. Of the 41 footings, 36 used 

a grid layout for the bottom reinforcing bars, while the remaining 5 used a banded layout. 

The majority of footings (31) used straight bars for the bottom reinforcement, and 10 used 

hooked bars. The grid layout and straight anchorage detail are preferable as they ease 

construction. However, as discussed previously, using strut-and-tie analysis results in a 

layout with bars banded over the supports. Additionally, it is challenging to determine the 

provided development length for the bottom bars due to complicated nodal geometry in the 

footing. In order to investigate the behavior of each detail and determine the most 

appropriate, the four specimens were designed with different bottom reinforcement 

configurations (grid vs. banded) and anchorage details (straight vs. hooked). 

Bottom mat reinforcement ratios of 0.85% were provided in each direction of the 

footings. Preliminary finite element analyses were conducted using VecTor4 (a nonlinear 

finite element modeling program dedicated to the analysis of three-dimensional reinforced 

concrete structures) to verify that failure would be governed by shear in the footing. 

The bottom mat reinforcement consisted of two layers of ASTM 615 Grade 60 

bundled reinforcing bars and the clear spacing at the bottom of reinforcing bars was 4-in. 

The specimens had two different bottom reinforcement layouts: two specimens had 

uniformly distributed bars (hereafter grid layout), while the other two concentrated the 

bottom mat bars in bands between the piles (hereafter banded layout), as shown in Figure 

2-2. The reinforcement for the banded layout was placed directly above the drilled shafts 

as defined by the bearing area provision in ACI 318-14 and the AASHTO LRFD Bridge 

Design Specifications (2017) and shown below in Figure 2-3.  
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Two different anchorage details for bottom mat reinforcement were also tested: two 

specimens had straight bars and the other two had bars with 90-degree hook ends, as shown 

in Figure 2-2. 

 

  
Specimen GS Specimen GH 

  
Specimen BS Specimen BH 

Figure 2-2: Specimen reinforcement configuration 
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Figure 2-3: Banded layout detail 

 

Transverse and longitudinal face reinforcement were placed on each face, with a 

reinforcement ratio of about 0.3%. Because top reinforcement would not have a major 

impact on the behavior of the footings under the specific test conditions, a top mat was not 

provided for ease of construction. The reinforcement details are summarized in Table 2-1. 
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Table 2-1: Specimen reinforcement details 

Specimen ID GS GH BS BH 

Bottom 
Reinforcement 

Layout Grid Grid Banded Banded 

Anchor Detail Straight Hooked Straight Hooked 

Size & Spacing Bundled #8 @ 6-in.  
[14 Bundles] 

Bundled #8 @ 3.75-
in.  

[14 Bundles] 
Reinforcement 

Ratio 0.85% 

Face 
Reinforcement 

Longitudinal #3 @ 3-in. [Reinforcement Ratio: 0.31%] 

Transverse #6 @ 6-in. [Reinforcement Ratio: 0.31%] 

The straight reinforcement details were included in the test program in order to 

replicate common practice in the field. The available development length was limited to 

20.1 inches for all specimens (measured from the interior of the support to the end of the 

reinforcement near the edge of the specimen) due to the reduced space resulting from the 

scaled geometry. This length satisfied the minimum development length requirements in 

ACI 318-19 and AASHTO LRFD Bridge Design Specifications (2017) for the hooked bars 

but not for the straight bars. Table 2-2 shows the calculated required development lengths 

using measured material strengths. 

Table 2-2: Required development lengths 

Specimen ID GS GH BS BH 
ACI318-19, inch 33.5 19.1 45.9 19.2 

AASHTO LRFD, inch 33.9 14.2 46.5 14.4 

Table 2-3 and Table 2-4 present the mechanical properties of concrete and steel, 

respectively, for all footing specimens. Three reinforcement samples were tested under 

tension for each size of reinforcement for each specimen in accordance with ASTM A370. 
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Concrete cylinders were stored fully submerged in a water tank in accordance with ASTM 

C31. The compressive strengths of three cylinders were averaged on the test date for each 

specimen. Additionally, the modulus of elasticity was obtained as the average from three 

cylinder tests. Dog-bone shaped specimens were also stored in the water tank until test day. 

Direct tension testing of these specimens gave the tension strength. 

Table 2-3: Concrete properties 

 GS GH BS BH 
Compressive Strength at Test Day, ksi 5.07 5.22 5.09 5.06 

Modulus of Elasticity, ksi 6,725 6,753 5,947 5,835 

Tensile Strength, ksi 0.46 0.53 0.56 0.53 

Age at Test Day, days 63 82 62 73 

Table 2-4: Reinforcement properties 

 GS GH BS BH 
Modulus of Elasticity, ksi 27,177 27,150 27,150 27,150 

Yield Strength*, ksi 71.9 64.1 

Ultimate Strength, ksi 106.4 107.6 

Yield Strain* 0.00248 0.00221 

Strain at Ultimate 0.1016 0.1016 
  *yield point from stress-strain curve 

2.2 TEST SETUP 

The footing specimens were tested under a concentric vertical force to introduce 

equal compression loads in all four supports. Figure 2-4 shows the test setup used for the 

footing tests. The vertical load was applied at the top of the column stub using two 2,000-

kip capacity hydraulic rams on a spreader beam. The rams were uniformly pressurized by 
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means of one pneumatically controlled hydraulic pump. The rams were attached to a stiff 

loading frame attached to the laboratory strong floor using eight high-strength steel rods.  

The specimens were supported at each corner on 16-in diameter circular plates to 

simulate four drilled shafts. The support configuration was idealized to provide only 

vertical reactions and avoid spurious confinement effects. To this end, there was a pinned 

support at one corner, two one-way roller supports at the corners adjacent to the pin 

support, and a two-way roller support at the corner opposite of the pinned support (refer to 

Figure 2-4c). The roller frames consisted of five 2-in diameter rollers that permitted the 

supports to translate freely. Each support had a tilt-saddle to allow the specimen to rotate 

on the support. All supports were carefully designed to ensure proper functionality under 

maximum load capacity and to maintain identical stack heights to ensure proper load 

distribution. The centroid of each support was located approximately 46-in from the center 

of the specimen. 
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(a) isometric view of test setup 

  
(b) elevation view (c) supports 

Figure 2-4: Structural test setup 

  

Pin Support 1-Way Roller Support

1-Way Roller Support 2-Way Roller Support
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2.3 INSTRUMENTATION 

The specimens were heavily instrumented to monitor support reactions, 

displacements, and strains in steel reinforcement over the course of testing, as shown in 

Figure 2-5. Loads were measured using three 500-kip capacity load cells under each of the 

four supports. These load cells were used to balance the reactions of the supports when the 

specimen was initially placed in the test setup, and to measure loads during structural 

testing. Linear potentiometers were used to measure vertical displacements underneath the 

specimen at mid-span and at the interior and exterior faces of the supports. Electrical 

resistance strain gauges were installed along bottom mat reinforcing bars.  

 
Specimens GS & GH Specimens BS & BH 

 

Figure 2-5: Instrumentation layout 

Linear Potentiometer 
(Vertical)

Linear Potentiometer 
(Lateral)

Rosette of 
Vibrating Wire GaugesSupport Strain Gauges
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2.4 LOADING PROTOCOL 

The specimens were tested under monotonically increasing load up to failure. 

Continuous and quasi-static loading was applied in 100-kip load increments. At the end of 

each loading stage, the condition and cracking of the specimens were visually inspected 

and documented. Once severe cracking was observed, the specimen was continuously 

loaded until failure. 
  



 
 

18 

CHAPTER 3 EXPERIMENTAL RESULTS 

3.1 LOAD-DEFLECTION 

The global response of the footings (strength, stiffness, ductility) is evaluated based 

on the vertical load vs. mid-span deflections presented in Figure 3-1. Figure 3-1a presents 

adjusted mid-span deflections calculated by subtracting the average deflections of four 

supports from the deflection measured at the center of the footing to account for rigid body 

movements caused by support deformations. Specimen GH is not included due to 

instrumentation malfunction at one of the supports. Figure 3-1b presents the measured mid-

span deflections for all specimens. 
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(a) Adjusted Load-Deflection 

 
(b) Measured Load-Deflection 

Figure 3-1: Load-deflection plots 



 
 

20 

Table 3-1 presents the failure loads, as well as the loads at which concrete started 

to crack and steel reinforcement yielded. The bottom row presents the peak load 

normalized to the concrete strength and total area of supports. 

Table 3-1: Summary of test results 

Specimen ID GS GH BS BH 

Load at the first visual cracking*, kips 600 700 600 600 

Load at the first yielding†, kips 1,897 2,072 2,464 2,380 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚, kips 2,107 2,775 2,703 2,884 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝑓𝑓𝑐𝑐′ ∗ 4 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

 0.129 0.165 0.165 0.177 

  *first flexural crack visually detected at bottom of side face 
 †strain data analyzed to find first yielding on bottom reinforcement 

The specimen with hooked bars (GH) presents a significant increase of ultimate 

capacity (22% when normalized to 𝑓𝑓𝑐𝑐′) as compared to that with straight bars (GS). The 

hooked anchorage allows full development of the bars while the straight bars experienced 

significant slip in the grid layout. As shown in Table 5, the load-carrying capacity of 

Specimen GS did not increase significantly after about 2,000 kips. The premature slip 

failure explains the more ductile failure and wide opening of vertical cracks on the side 

faces of the footing as discussed in a later section. 

Both Specimens BS and BH presented similar normalized peak strengths and 

damage patterns regardless of the different anchorage details. As opposed to Specimen GS, 

there was no indication of premature bar slip of the straight bars in Specimen BS, despite 

insufficient development length. While Specimen GS experienced a faster decrease of 

stiffness near the peak strength, Specimen BS followed the same trend as the specimens 
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with hooked bars. The enhanced performance of Specimen BS can be explained by the fact 

that the banded layout allowed the bars to be better confined at the support region due to 

the triaxial confinement provided in the nodes above supports. 

Specimen BH had a 7% higher normalized peak load than Specimen GH as a result 

of providing the reinforcement in the more efficient, banded layout. Similar to the slight 

increase between Specimens BS and BH, this increase might be insignificant. 
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3.2 VISUAL OBSERVATIONS 

Figure 3-2 shows the post-failure crack maps for the bottom and side faces of the 

specimens. 

  
Specimen GS Specimen GH  

  
Specimen BS Specimen BH 

 

Figure 3-2: Crack patterns  

NW NE

SW SE

NW NE

SW SE

NW NE

SW SE
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 The footings with grid reinforcement layout presented an orthogonal crack pattern 

at the bottom face, while the specimens with banded reinforcement layout had cracks with 

a more radial pattern. Since they did not have reinforcement in the center region, banded 

specimens presented more severe cracks in this area. In design practice, minimum crack 

control reinforcement would be required in the midspan even if the main reinforcement 

was banded. 

There were more cracks on the bottom of Specimen GH than in Specimen GS, but 

the cracks had visibly smaller widths. This could be due to the developed bars being better 

able to control cracking near the center of the specimen. Because the straight bars were 

able to develop in Specimen BS, there does not seem to be a difference in crack patterns 

between the specimens with banded reinforcement layout. 

Figure 3-3 includes a few details of the post-failure damage observed in the 

specimens. Appendix C.3 includes additional post-failure photos. 
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(a) Specimen GS – South Face (b) Specimen GH – Bottom Face 

  
(c) Specimen BS – South Half on 

Bottom Face 
(d) Specimen BH – East Half on Bottom 

Face 

Figure 3-3: Post-failure conditions/damage 

The premature bar slip failure of Specimen GS is also explained by the large 

spalling crack observed at the bottom edge of the south face, which initiated at 2,050 kips 

and propagated until failure (see Figure 3-3a). The formation of this crack is explained by 

the splitting action of the straight bars experiencing severe bar slip. In addition, there were 

noticeable punching shear cracks near the column stub and supports of this specimen. 

Unlike Specimen GS, Specimen GH failed suddenly with a load that rapidly 

dropped. The specimen did not exhibit any signs of concrete spalling prior to failure. 

Specimen GH had more severe shear cracks on the faces and punching cracks near the 

supports than Specimen GS. Figure 3-3b shows the bottom of the specimen post-failure. 
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In Specimen BS, spalling occurred on the south side at the bottom near the supports 

(see Figure 3-3c). Specimen BS failed more gently when compared to Specimen GH. 

Severe cracking occurred on the East and South sides of the bottom face along the 

centerline of the banded area. There were minor punching shear cracks on the bottom 

surface near the supports, but no signs of punching near the column stub on the top surface.  

Specimen BH failed in a similar way to Specimen BS with slow dropping load. The 

cracking observed in Specimen BH was very similar to Specimen BS. There were large 

cracks on the bottom surface along the centerline of the banded area, and horizontal cracks 

on side surfaces. Again, there were minor signs of punching shear cracks around the 

supports and no signs of punching on the top surface near the column stub. Figure 3-3d 

shows a very wide crack on the bottom surface of the specimen. 

Differing bottom reinforcement layouts experienced different failure conditions. 

The specimens with grid layout experienced punching shear on the bottom and top 

surfaces. The specimens with banded layout showed less severe punching shear but had 

significant crack propagation along the centerline of the banded areas. 

3.3 STRAINS IN BOTTOM REINFORCEMENT 

Figure 3-4 presents the strain distributions in the bottom reinforcement of the 

footings at the peak load. The reinforcement in the region directly above the supports was 

able to yield for all specimens. Even though development length of straight bars in 

Specimens GS and BS was smaller than the minimum specified development length, these 

bars were also able to yield near the supports. This development of full yield capacity can 

be attributed to the triaxial confinement provided by the compression strut above the 

supports. In comparison, strains in reinforcing bars near the midspan of the specimen were 
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significantly lower, which might result from these bars not being developed from lower 

confinement. The reinforcing bars outside of the banded area did not yield, except in 

Specimen BH. In Specimen GS, many of the bars near the midspan experienced low strains 

at failure. 
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Specimen GS Specimen BS 

  
Specimen GH Specimen BH 

 

Figure 3-4: Strain distributions at peak load 

Figure 3-5 presents the strain distributions in the bottom reinforcement of the 

footings at midspan throughout the testing. The left column of Figure 3-5 shows the strain 
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distributions at varying loads at midspan for the specimens with grid reinforcement layout. 

The peak load, load at first reinforcement yielding, and the load at first visual crack for 

each specimen are included, as well as intermediate loads to illustrate the stresses 

throughout testing.  

 

  

  
Specimen GS Specimen BS 

  
Specimen GH Specimen BH 

Figure 3-5: Strain distributions at midspan 

The reinforcement between supports in Specimen GS experienced higher strains 

than the reinforcement in the center of the footing at loads close to failure (above 1,900 
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kips). Note that some data is missing for Specimen GH due to debonding of strain gauges. 

In Specimen GH, the strains experienced in all the bars were more similar throughout the 

loading test, but still showed the trend that reinforcement stresses in the midspan were 

slightly lower than above the piles at load levels above 2,000 kips. The hooked anchorage 

prevented slip of the reinforcement at mid-span, and the bars were able to fully develop 

and contribute more than in Specimen GS. At the peak load, the strain in one of the bars in 

the banded area was much higher than the other bars. 

The right column of Figure 3-5 shows the stress distributions at midspan for the 

specimens with banded reinforcement layout. The stress distributions in the banded 

specimens were very similar despite different bar anchorage. This is because all the bars 

could reach their full capacity and not experience slip since they are in the region above 

the supports. The stresses increased similarly between each load level, and most bars were 

yielded or close to yielding at failure. The strain distributions in the other direction 

followed the same trend. 

Figure 3-6 shows the stress distribution at varying loads in a bar centered in the 

banded area for each specimen. This figure shows that the bar behavior is similar in each 

specimen, and each bar was under nearly constant stress when approaching failure. Each 

bar experienced yielding in the five locations along the length. This supports that the 

reinforcement was working as a tie and was able to develop. The bar in Specimen GH 

experienced higher strains than the other specimens. 
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Specimen GS Specimen BS 

  
Specimen GH Specimen BH 

Figure 3-6: Longitudinal strain distributions 
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CHAPTER 4 ANALYSIS AND DISCUSSION  

This chapter analyzes the capacity of the drilled-shaft footings tested in the 

laboratory using STM equations in AASHTO LRFD and ACI 318-19 and compares the 

analytical predictions to the experimental results. The findings of the experimental program 

are also discussed in the scope of footing serviceability and constructability.  

4.1 COMPARISON WITH AASHTO AND ACI STM PREDICTIONS  

Three main methods are used to predict the capacity of the drilled-shaft footing 

specimens: 

1. AASHTO LRFD STM provisions modified for 3D applications based on 

recommendations by Williams et al. (2011). Figure 4-1 illustrates the geometry 

of the strut-and-tie model for this method. The main assumptions made when 

using this method are the following:  

• Strength is governed by either tie yielding or failure at bearing faces of the 

supports. 

• Triaxial confinement is conservatively neglected (𝑚𝑚 = 1.0), and checks for 

nodal strength are done at bearing faces only. Due to the complex three-

dimensional geometry, it is difficult to define the full geometry of the nodes 

for checking the strut-to-node interface strength. 

• The value of parameter 𝑣𝑣 is determined from AASHTO LRFD provisions. 
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Figure 4-1: Strut-and-tie Model for Method 1 

2. AASHTO LRFD STM provisions with 2D strut-and-tie model along the 

diagonal of the footing. This method is popular with designers, as the nodal 

geometry can be easily defined. Figure 4-2 illustrates the geometry of the strut-

and-tie model for this method and the following method. The main assumptions 

made when using this method are the following: 

• Strength is governed by tie yielding, bearing strength, or strut-to-node 

interface strength. 

• The triaxial confinement factor is capped at 2.25, which is the largest 

calculated, instead of 2. This adjustment gives better estimations, as 

compared to using an upper limit of 2. 

3. ACI 318-19 STM provisions with 2D strut-and-tie model along the diagonal of 

the footing. The main assumption made when using this method are as follows: 

• Strength is governed by tie yielding, bearing strength, or strut-to-node 

interface strength. 
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For all three methods, the following additional assumptions are made: 

• The four lower nodes are located right above the center of the piles at the 

height of the bottom mat reinforcement (Williams, et al, 2011). 

• The force introduced by the column is divided into four equal parts. The 

upper nodes of the footings are located at a depth below the center of each 

quadrant equal to 0.1 times the depth from the top of the footing to the 

bottom mat reinforcement. This is slightly different from the 0.1 times the 

drilled-shaft footing height recommended by Williams, et al., 2011. The 

modification proposed here results in more accurate estimates (see Table 

C-4 for additional estimates). 

• Strength calculations are based on the actual concrete strength (𝑓𝑓𝑐𝑐′) on the 

test date and the yield strength of the bottom mat reinforcement (𝑓𝑓𝑦𝑦). 

• All bottom reinforcement in Specimens GH, BS, and BH is assumed to be 

fully-developed and considered to contribute its full yield strength to the tie 

force. For Specimen GS, the tie force was reduced by multiplying by the 

available development length divided by the minimum required 

development length. 

Table 4-1 includes the three methods listed above. Predictions considering the 

reduced capacity of bars in Specimen BS are included in Table C-4 in Appendix C. In those 

predictions, the tie force is reduced by multiplying the available development length 

divided by the minimum required development length. The predictions using this method 

become very conservative. 
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Figure 4-2: Strut-and-tie Model for Methods 2 and 3 
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Table 4-1: Predicted Failure Loads using Strut-and-Tie Methods 

Method 

Specimen 
ID: GS GH BS BH 

Test Failure 
Load 𝑃𝑃𝑓𝑓 

(kip) 
2,107 2,775 2,703 2,884 

1) AASHTO LRFD with 
Williams et al. neglecting 

reduced development 
length for BS 

Failure Load 
𝑃𝑃1 (kip) 1,873 2,473 2,438 2,429 

Predicted 
Failure 
Mode* 

T BS BS BS 

𝑃𝑃𝑓𝑓/𝑃𝑃1 1.12 1.12 1.11 1.19 

2) AASHTO 2D STM 
𝑚𝑚 from AASHTO but 

capped at 2.25 instead of 2 
𝜈𝜈 = 0.45 

neglecting reduced 
development length for BS 

Failure Load 
𝑃𝑃2 (kip) 1,873 2,731 2,663 2,647 

Predicted 
Failure 
Mode* 

T SN_S SN_S SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃2 1.12 1.02 1.02 1.09 

3) ACI 318-19 2D STM 
neglecting reduced 

development length for BS 

Failure Load 
𝑃𝑃3 (kip) 1,776 1,829 1,783 1,773 

Predicted 
Failure 
Mode* 

SN_S SN_S SN_S SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃3 1.19 1.52 1.52 1.63 

 *T: tie yielding, BS: bearing at supports, SN_S: strut-to-node interface at support 
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Both 3D and 2D STM predictions based on AASHTO LRFD provisions (Methods 

1 and 2) indicate that Specimen GS would fail by tie yielding, while the 2D STM 

predictions based on ACI provisions (Method 3) indicate that all specimens would fail by 

strut-to-node strength at the support. Specimen GS seems to have experienced bar slip due 

to insufficient development length, so the prediction it would fail by tie yielding seems 

more applicable. All of the methods provided conservative results, and their levels of 

conservatism are compared in Table 4-2 below. 

Table 4-2: Comparison of Experimental/Predicted Strength Ratios  

Method Min Max Average Coefficient of 
Variance 

1) AASHTO LRFD with Williams et al. 
neglecting reduced development length for 

BS 
1.11 1.19 1.14 0.03 

2) AASHTO 2D STM 
m from AASHTO but capped at 2.25 

ν = 0.45 
neglecting reduced development length for 

BS 

1.02 1.12 1.06 0.05 

3) ACI 318-19 2D STM 
neglecting reduced development length for 

BS 
1.19 1.63 1.46 0.13 

The strength predictions obtained when using the three proposed methods are all 

safe (ratios above 1), as indicated in the experimental-to-predicted strength ratios presented 

in Table 4-2. Method 2 has an average strength ratio of 1.06, which is the lowest of the 

three. Hence, this method provides the most accurate and least conservative strength 

predictions. Method 1 presents a slightly higher average strength ratio of 1.14. Both 

Method 1 and 2 present a low coefficient of variance. Method 3 has higher average of 1.46 

and a coefficient of variance of 0.13.  



 
 

37 

Overall, Methods 1 and 2 were able to predict the failure load and failure mode 

well. Method 3 would require additional adjustment to lower the conservatism. 

4.2 SERVICEABILITY AND CONSTRUCTABILITY 

The results of the tests indicated that the selection of a uniform or banded 

configuration for the bottom mat reinforcement did not influence the strength of footings. 

However, when selecting an appropriate reinforcement configuration, it is also important 

to consider factors such as serviceability and constructability. As previously discussed, the 

cracks in the midspan of the banded specimens were much larger than in the grid 

specimens. In reality, there is a need to provide crack control reinforcement in the 

unreinforced midspan for shrinkage and temperature requirements (AASHTO LRFD 

Section 5.10.6: reinforcement spacing shall not exceed 12” for footings) even if banded 

reinforcement is used in the field. Furthermore, banding the reinforcement could cause 

congestion or interference with the vertical dowel bars from the piles, making it more 

difficult to construct. Hooked anchorage could make it more difficult to space the vertical 

face reinforcement. Hooked bars also make it more difficult to place the upper bars due to 

the bend radius. 

Straight anchorage bars in a grid configuration is the best detail for bottom mat 

reinforcement in terms of serviceability. 
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CHAPTER 5 CONCLUSIONS 

Four tests on reinforced concrete deep drilled-shaft footings with varying bottom 

reinforcement details were performed at the University of Texas. The specimens had 

different reinforcement layout (uniform grid vs. banded) and anchorage details (straight vs. 

hooked bars) for the bottom mat reinforcement. Conclusions on strength, serviceability, 

constructability, and current STM predictions based on these four tests are as follows: 

• All of the specimens except Specimen GS (uniform grid and straight bars) attained 

similar load-carrying capacity. Specimen GS failed under a significantly lower load 

due to premature failure caused by reinforcement slip. This is most likely due to the 

insufficient development length provided. 

• Differing bottom reinforcement layouts experienced different failure conditions. The 

specimens with grid layout experienced punching shear on the bottom and top surfaces. 

The specimens with banded layout showed less severe punching shear but had 

significant crack propagation along the centerline of the banded areas. 

• Banding the reinforcement caused an insignificant increase to strength, but allowed the 

straight anchorage reinforcing bars to be fully developed, despite having insufficient 

development length according to code provisions. 

• The estimations provided by 2D and 3D STM using AASHTO LRFD provisions and 

recommendations from Williams et al. with a few modifications resulted in good 

predictions of the failure loads obtained from the footing tests. Predictions using 2D 

STM and ACI 318 predictions were more conservative and would require additional 

modifications to provide more accurate estimates. 

• Banding the reinforcement over the piles can cause difficulty in construction. Even if 

banded reinforcement is used, there is still a need to provide crack control reinforcing 
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bars in the midspan of a drilled-shaft footing to control cracking in this region. Because 

the strength was not significantly improved by banding the reinforcement, utilizing a 

grid layout of hooked reinforcement is recommended given its advantages for 

construction and serviceability. 
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APPENDICES 

Appendix A SPECIMEN DESIGN & FABRICATION 

Appendix A includes supplementary details about the design and construction of 

the test specimens, including calculations for required/provided development lengths, and 

preliminary STM calculations: 

 A.1: Specimen Details  

  Figure A-1: GS Design Details 

  Figure A-2: GH Design Details 

  Figure A-3: BS Design Details 

  Figure A-4: BH Design Details 

 A.2: Specimen Design 

  Table A-1: Straight Bar Development Length 

  Table A-2: Hooked Bar Development Length 

  Figure A-5: Available vs Required Design Development Lengths 

  Table A-3: Initial Capacity Estimation using STM 

 A.3: Specimen Fabrication Process  

  Figure A-6: Support Fabrication Process 

A.4: Specimen Support Drawings 

 Figure A-7: Pin Support 

 Figure A-8: 1 Way Roller Support 

 Figure A-9: 2 Way Roller Support 

 Figure A-10: Roller Frame 
  



 
 

41 

A.1: Specimen Details 

  
(a) Plan view (b) 3D model 

Figure A-1: GS Design Details 

  
(a) Plan view (b) 3D model 

Figure A-2: GH Design Details 
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(a) Plan view (b) 3D model 

Figure A-3: BS Design Details 

  
(a) Plan view (b) 3D model 

Figure A-4: BH Design Details 
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A.2: Specimen Design 

Table A-1: Straight Bar Development Length 

ACI 318-14 
(Article 25.4.3.3) 
[Unit: psi & in.] 

AASHTO LRFD 
(Article 5.10.8.2.1) 

[Unit: ksi & in.] 

𝑙𝑙𝑑𝑑 =
3𝑓𝑓𝑦𝑦

40𝜆𝜆�𝑓𝑓𝑐𝑐′
�
𝛹𝛹𝑡𝑡𝛹𝛹𝑒𝑒𝛹𝛹𝑠𝑠
𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡

 ∗𝑑𝑑𝑏𝑏

�𝑑𝑑𝑏𝑏 
𝑙𝑙𝑑𝑑 = 2.4𝑑𝑑𝑏𝑏

𝑓𝑓𝑦𝑦
�𝑓𝑓𝑐𝑐′

�
𝜆𝜆𝑡𝑡𝑟𝑟𝜆𝜆𝑐𝑐𝑓𝑓𝜆𝜆𝑡𝑡𝑐𝑐𝜆𝜆𝑒𝑒𝑡𝑡

𝜆𝜆
� 

𝜆𝜆𝑡𝑡𝑐𝑐 =
 ∗𝑑𝑑𝑏𝑏

𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡
 

𝐾𝐾𝑡𝑡𝑡𝑡 =
40𝐴𝐴𝑡𝑡𝑡𝑡
𝑠𝑠𝑠𝑠

 

𝐴𝐴𝑡𝑡𝑡𝑡 : total cross-sectional area of all transverse reinforcement which is within the spacing s and 

which crosses the potential plane of splitting through the reinforcement being developed (in.2) 

𝐾𝐾𝑡𝑡𝑡𝑡 : transverse reinforcement index 

𝑐𝑐𝑏𝑏 : the smaller of the distance from center of bar or wire being developed to the nearest 

concrete surface and one-half the center-to-center spacing of the bars or wires being developed 

(in.) 

𝑑𝑑𝑏𝑏 : nominal diameter of reinforcing bar or wire (in.) 
*𝑑𝑑𝑏𝑏 : equivalent diameter of a unit of bundled bars (in.) 

𝑓𝑓𝑐𝑐′ : compressive strength of concrete for use in design (psi / ksi) 

𝑓𝑓𝑦𝑦 : specified minimum yield strength of reinforcement (psi / ksi) 

𝑙𝑙𝑑𝑑 : development length for a straight bar (in.) 

𝑠𝑠 : number of bars or wires developed along plane of splitting 

𝑠𝑠 : maximum center-to-center spacing of transverse reinforcement within 𝑙𝑙𝑑𝑑 (in.) 

𝜆𝜆 : concrete density modification factor 

𝜆𝜆𝑒𝑒𝑡𝑡 : excess reinforcement factor 

𝜆𝜆𝑡𝑡𝑐𝑐 : reinforcement confinement factor 

𝛹𝛹𝑒𝑒 & 𝜆𝜆𝑐𝑐𝑓𝑓 : epoxy coating factor 

𝛹𝛹𝑡𝑡 & 𝜆𝜆𝑡𝑡𝑟𝑟 : reinforcement location factor 

𝛹𝛹𝑠𝑠 : reinforcement size factor 
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(continued on next page) 
Specimen GS Specimen BS 

ACI318-14 AASHTO LRFD ACI318-14 AASHTO LRFD 

𝑓𝑓𝑦𝑦 = 60,000 psi 
𝑓𝑓𝑐𝑐′ = 3600 psi 
𝛹𝛹𝑡𝑡 = 1.00 
𝛹𝛹𝑒𝑒 = 1.00 
𝛹𝛹𝑠𝑠 = 1.00 

𝑓𝑓𝑦𝑦 = 60 ksi 
𝑓𝑓𝑐𝑐′ = 3.6 ksi 
𝜆𝜆𝑡𝑡𝑟𝑟 = 1.00 
𝜆𝜆𝑐𝑐𝑓𝑓 = 1.00 
𝜆𝜆𝑒𝑒𝑡𝑡 = 1.00 

𝑓𝑓𝑦𝑦 = 60,000 psi 
𝑓𝑓𝑐𝑐′ = 3600 psi 
𝛹𝛹𝑡𝑡 = 1.00 
𝛹𝛹𝑒𝑒 = 1.00 
𝛹𝛹𝑠𝑠 = 1.00 

𝑓𝑓𝑦𝑦 = 60 ksi 
𝑓𝑓𝑐𝑐′ = 3.6 ksi 
𝜆𝜆𝑡𝑡𝑟𝑟 = 1.00 
𝜆𝜆𝑐𝑐𝑓𝑓 = 1.00 
𝜆𝜆𝑒𝑒𝑡𝑡 = 1.00 

𝜆𝜆 = 1.00 
𝐴𝐴𝑡𝑡𝑡𝑡 = 2(0.44) = 0.88 in2 

𝑠𝑠 = 6 in. 
𝑠𝑠 = 28 

 ∗𝑑𝑑𝑏𝑏 = 1.42 in. 
𝑑𝑑𝑏𝑏 = 1.00 in. 

𝑐𝑐𝑏𝑏 = 3 in. 
(center-to-center spacing: 6 in.) 

𝑐𝑐𝑏𝑏 = 1.875 in. 
(center-to-center spacing: 3.75 in.) 

𝒍𝒍𝒅𝒅 = 𝟑𝟑𝟑𝟑.𝟏𝟏𝟏𝟏 𝐢𝐢𝐢𝐢. 𝒍𝒍𝒅𝒅 = 𝟓𝟓𝟏𝟏.𝟎𝟎𝟑𝟑 𝐢𝐢𝐢𝐢. 
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Table A-2: Hooked Bar Development Length 

ACI 318-14 
(Article 25.4.3) 
[Unit: psi & in.] 

AASHTO LRFD 
(Article 5.10.8.2.4) 

[Unit: ksi & in.] 

𝑙𝑙𝑑𝑑ℎ = �
𝑓𝑓𝑦𝑦𝛹𝛹𝑒𝑒𝛹𝛹𝑐𝑐𝛹𝛹𝑡𝑡
50𝜆𝜆�𝑓𝑓𝑐𝑐′

� 𝑑𝑑𝑏𝑏 𝑙𝑙𝑑𝑑ℎ =
38.0𝑑𝑑𝑏𝑏

60.0
�
𝑓𝑓𝑦𝑦
�𝑓𝑓𝑐𝑐′

� �
𝜆𝜆𝑡𝑡𝑐𝑐𝜆𝜆𝑐𝑐𝑐𝑐𝜆𝜆𝑒𝑒𝑡𝑡

𝜆𝜆
� 

𝑑𝑑𝑏𝑏 : nominal diameter of reinforcing bar or wire (in.) 
𝑓𝑓𝑐𝑐′ : compressive strength of concrete for use in design (psi / ksi) 
𝑓𝑓𝑦𝑦 : specified minimum yield strength of reinforcement (psi / ksi) 
𝑙𝑙𝑑𝑑ℎ : development length for a hooked bar (in,) 
𝜆𝜆 : concrete density modification factor 
𝜆𝜆𝑒𝑒𝑡𝑡 : excess reinforcement factor 
𝛹𝛹𝑐𝑐 : concrete cover factor 
𝛹𝛹𝑒𝑒 & 𝜆𝜆𝑐𝑐𝑐𝑐 : coating factor 
𝛹𝛹𝑡𝑡 & 𝜆𝜆𝑡𝑡𝑐𝑐 : reinforcement confinement factor 

Specimen GH Specimen BH 

ACI 318-14 AASHTO LRFD ACI 318-14 AASHTO LRFD 

𝑓𝑓𝑦𝑦 = 60,000 psi 
𝑓𝑓𝑐𝑐′ = 3600 psi 
𝛹𝛹𝑒𝑒 = 1.00 
𝛹𝛹𝑐𝑐 = 0.70* 
𝛹𝛹𝑡𝑡 = 1.00 

𝑓𝑓𝑦𝑦 = 60 ksi 
𝑓𝑓𝑐𝑐′ = 3.6 ksi 
𝜆𝜆𝑡𝑡𝑐𝑐 = 0.80* 
𝜆𝜆𝑐𝑐𝑐𝑐 = 1.00 
𝜆𝜆𝑒𝑒𝑡𝑡 = 1.00 

𝑓𝑓𝑦𝑦 = 60,000 psi 
𝑓𝑓𝑐𝑐′ = 3600 psi 
𝛹𝛹𝑒𝑒 = 1.00 
𝛹𝛹𝑐𝑐 = 0.70* 
𝛹𝛹𝑡𝑡 = 1.00 

𝑓𝑓𝑦𝑦 = 60 ksi 
𝑓𝑓𝑐𝑐′ = 3.6 ksi 
𝜆𝜆𝑡𝑡𝑐𝑐 = 0.80* 
𝜆𝜆𝑐𝑐𝑐𝑐 = 1.00 
𝜆𝜆𝑒𝑒𝑡𝑡 = 1.00 

𝜆𝜆 = 1.00 
𝑑𝑑𝑏𝑏 = 1.00 in. 

*side cover for No. 11 bar and smaller, normal to plane of hook, is not less than 2.5 in., 
and 90⁰ hook, cover on bar extension beyond hook not less than 2.0 in. 

𝒍𝒍𝒅𝒅𝒅𝒅 = 𝟏𝟏𝟏𝟏.𝟎𝟎𝟎𝟎 𝐢𝐢𝐢𝐢. 𝒍𝒍𝒅𝒅𝒅𝒅 = 𝟏𝟏𝟏𝟏.𝟎𝟎𝟎𝟎 𝐢𝐢𝐢𝐢. 𝒍𝒍𝒅𝒅𝒅𝒅 = 𝟏𝟏𝟏𝟏.𝟎𝟎𝟎𝟎 𝐢𝐢𝐢𝐢. 𝒍𝒍𝒅𝒅𝒅𝒅 = 𝟏𝟏𝟏𝟏.𝟎𝟎𝟎𝟎 𝐢𝐢𝐢𝐢. 
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Figure A-5: Available vs Required Design Development Lengths 

  



 
 

47 

Table A-3: Initial Capacity Estimation using STM 

Material 
Properties 

𝑓𝑓𝑐𝑐′ (ksi) (assumed) 5 
𝑓𝑓𝑦𝑦 (ksi) (assumed) 60 

Geometry 

𝑧𝑧 (in) �2 ∗ �𝑠𝑠𝑝𝑝𝑟𝑟𝑒𝑒 𝑠𝑠𝑝𝑝𝑡𝑡𝑐𝑐ℎ
2

− 𝑐𝑐𝑐𝑐𝑟𝑟 𝑑𝑑𝑝𝑝𝑚𝑚.
4

�
2

  34.65 

ℎ (in) 0.9 ∗ 𝑑𝑑 24.3 
𝛼𝛼 (deg) tan−1 �ℎ

𝑧𝑧
�  35.04 

𝛽𝛽 (deg)  45 

Tie Yielding 
𝑇𝑇𝑛𝑛𝑠𝑠 (k) 𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠 ∗ 𝑓𝑓𝑦𝑦 664 

𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒 (k) 4 ∗ 𝑇𝑇𝑛𝑛𝑠𝑠 ∗
tan(𝛼𝛼)
sin(𝛽𝛽) 2,635 

Column 
Bearing 

𝑚𝑚  1 
𝜈𝜈  0.85 

𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′  4.25 
𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 (in2)  1,024 
𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐 

(k) 𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟2 ∗ 𝑓𝑓𝑐𝑐𝑠𝑠 4,352 

Support 
Bearing 

𝑚𝑚  1 
𝜈𝜈  0.60 

𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′ 3.00 
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠  201 

𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠 
(k) 

4 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠2 ∗ 𝑓𝑓𝑐𝑐𝑠𝑠 2,413 

Predicted Failure Load (k)  2,413 
Predicted Failure Mode  Bearing at Support 
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A.3: Specimen Fabrication Process 

  
a) Attach Strain Gauges to Reinforcement b) Tie Reinforcing Cage 

   
c) Adjust Side Forms d) Cast Concrete 

  
e) Install the Column Form f) Screed Top Surface 

Figure A-6: Support Fabrication Process 
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A.4: Specimen Support Drawings 

 

Figure A-7: Pin Support 

 

 

Figure A-8: 1 Way Roller Support 
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Figure A-9: 2 Way Roller Support 

 

Figure A-10: Roller Frame 
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Appendix B MATERIAL PROPERTIES 

 Appendix B includes details about the material properties: 

 B.1: Concrete Material Test Results  

  Table B-1: Concrete compressive strength data 

  Table B-2: Direct tensile strength data 

  Table B-3: Elastic modulus data 

  Figure B-1: Concrete material tests 

 B.2: Steel Material Test Results  

  Table B-4: Steel Properties for Specimen GS 

  Table B-5: Steel Properties for Specimens GH, BS, BH 

  Figure B-2: Steel stress-strain curve type 

  Figure B-3: Reinforcement Tension Test 

 B.3: Mix Design 

  Table B-6: Concrete mix design properties 

B.4: Batch Tickets 

 Figure B-4: GS Batch Ticket 

 Figure B-5: GH Batch Ticket 

 Figure B-6: BS Batch Ticket 

 Figure B-7: BH Batch Ticket 
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B.1: Concrete Material Test Results 

Table B-1: Concrete compressive strength data 

Specimen Age 
(days) 

Diam 
1 

(in) 

Diam 
2 

(in) 

Length 
(in) 

Area 
(in2) 

Break 
Load (k) 

Strength 
(ksi) 

Avg 
Strength 

(ksi) 

GS 

7 3.966 4.017 7.925 12.51 34.733 2.78 2.78 

28 
3.993 3.996 7.621 12.54 56.842 4.53 

4.242 3.986 3.996 7.755 12.55 50.930 4.06 
3.985 4.008 7.634 12.54 51.897 4.14 

63 
3.997 3.991 7.819 12.53 67.086 5.35 

5.072 3.997 3.998 7.824 12.55 58.987 4.70 
3.995 4.000 7.418 12.55 64.798 5.16 

GH 

7 4.031 3.983 7.935 12.61 36.264 2.88 2.88 

28 

4.004 3.996 7.658 12.57 56.620 4.51 

4.355 
3.988 3.989 7.818 12.49 51.474 4.12 
4.000 3.995 8.018 12.55 46.715 3.72 
4.003 4.002 7.835 12.58 55.869 4.44 

82 
3.994 3.989 7.881 12.51 63.926 5.11 

5.224 4.006 4.000 7.700 12.59 67.207 5.34 
3.989 3.990 7.730 12.50 71.964 5.76 

BS 

7 3.991 3.996 7.969 12.53 36.823 2.94 2.94 

28 
3.988 3.992 7.865 12.50 60.213 4.82 

4.620 3.993 3.994 7.819 12.53 53.918 4.30 
3.996 3.982 7.858 12.50 59.246 4.74 

62 

3.992 3.990 7.855 12.51 63.224 5.05 

5.090 
3.980 3.998 7.798 12.50 62.849 5.03 
3.996 3.990 7.850 12.52 57.256 4.57 
3.991 3.996 7.834 12.53 64.979 5.19 

BH 

7 3.998 3.999 7.909 12.56 40.126 3.20 3.20 

28 
3.998 3.982 7.802 12.50 57.864 4.63 

4.450 
3.992 3.986 7.847 12.50 53.391 4.27 

73 
4.000 3.989 7.892 12.53 65.981 5.27 

5.058 3.989 4.000 7.845 12.53 62.958 5.02 
3.991 3.996 7.762 12.53 61.180 4.88 
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Table B-2: Direct tensile strength data 

Specimen Age 
(days) 

Width 
1 

(in) 

Depth 
1 

(in) 

Area 
(in2) 

Break 
Load 
(k) 

Strength 
(ksi) 

Average 
Strength 

(ksi) 

GS 63 
3.991 4.146 16.55 7.78 0.47 

0.460 4.003 4.114 16.47 7.71 0.47 
3.980 4.080 16.24 7.16 0.44 

GH 82 
4 4 16 8.93 0.56 

0.528 4 4 16 7.63 0.48 
4 4 16 8.80 0.55 

BS 62 
4.038 4.038 16.31 8.46 0.52 

0.560 4.011 4.093 16.42 9.36 0.57 
4.027 4.046 16.29 9.64 0.59 

BH 73 
4.010 4.050 16.24 8.96 0.55 

0.532 3.973 4.034 16.03 8.93 0.56 
4.007 3.971 15.91 7.74 0.49 

Table B-3: Elastic modulus data 

Specimen Age 
(days) 

Diameter 
1 

(in) 

Diameter 
2 

(in) 

Length 
1 

(in) 

Area 
(in2) 

Elastic 
Modulus 

(ksi) 

Average 
Elastic 

Modulus 
(ksi) 

GS 63 
3.981 3.976 7.797 12.43 7,085 

6725 3.998 3.993 7.789 12.54 6,337 
3.991 4.002 7.779 12.54 6,752 

GH 82 
3.991 3.995 7.751 12.52 7,002 

6753 3.999 3.988 7.276 12.53 5,736 
3.990 3.999 7.799 12.53 6,503 

BS 62 

3.991 3.996 7.834 12.53 6,223 

5947 3.996 4.004 7.838 12.57 7,002 
3.998 3.994 7.765 12.51 5,063 
3.984 4.000 7.792 12.52 5,672 

BH 73 
3.991 3.996 7.815 12.53 5,626 

5835 3.995 3.995 7.904 12.53 5,370 
3.996 3.991 7.685 12.53 6,509 



 
 

54 

 

   
(a) Compressive strength 

test (b) Modulus of elasticity (c) Direct tension test 

Figure B-1: Concrete material tests 
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B.2: Steel Material Test Results 

Table B-4: Steel Properties for Specimen GS 

 𝑓𝑓𝑦𝑦 (ksi) 𝜀𝜀𝑦𝑦 (in./in.) 𝑓𝑓𝑠𝑠 (ksi) 𝜀𝜀𝑠𝑠 (in./in.) Curve Type (see below) 

No. 8 71.86 0.00248 106.37 0.1016 2 

No. 6 68.79 0.00237 111.50 0.1016 2 

No. 3 66.88 0.00231 104.79 0.1015 2 

Table B-5: Steel Properties for Specimens GH, BS, BH 

 𝑓𝑓𝑦𝑦 (ksi) 𝜀𝜀𝑦𝑦 (in./in.) 𝑓𝑓𝑠𝑠 (ksi) 𝜀𝜀𝑠𝑠 (in./in.) Curve Type (see below) 

No. 8 64.10 0.00221 107.55 0.1016 2 

No. 6 60.75 0.00209 99.73 0.1015 2 

No. 3 82.25 0.00284 108.56 0.0945 1 

 

 

Figure B-2: Steel stress-strain curve type 
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Figure B-3: Reinforcement Tension Test 

B.3: Mix Design 

Table B-6: Concrete mix design properties 

Type I/II Portland cement (lb/yd3) 352 

Class F Fly ash (lb/yd3) 118 

Coarse aggregate (lb/yd3) 1915 

Coarse aggregate type Max. size: 1.0-in. 

Fine aggregate (lb/yd3) 1461 

Water (lb/yd3) 250 

Water Reducer (oz/cwt) 3.0 ~ 10.0 

High Water Reducer (oz/cwt) 2.0 ~ 12.0 

Air entraining agent (oz/cwt) 0 

Water-cementitious ratio 0.53 
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B.4: Batch Tickets 

 

Figure B-4: GS Batch Ticket 
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Figure B-5: GH Batch Ticket 
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Figure B-6: BS Batch Ticket 
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Figure B-7: BH Batch Ticket 
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Appendix C EXPERIMENTAL RESULTS 

 Appendix C includes additional information about experimental results and 

analysis calculations. 

 C.1: Load-Deflection Plots 

  Figure C-1: GS Load-Deflection Plots 

  Figure C-2: GH Load-Deflection Plots 

  Figure C-3: BS Load-Deflection Plots 

  Figure C-4: BH Load-Deflection Plots 

 C.2: STM Calculations 

  Table C-1: STM Calculations using AASHTO & Williams et al. 

  Table C-2: 2D AASHTO (using m and ν from AASHTO) 

  Table C-3: 2D ACI 318-19 

  Table C-4: Additional STM Estimates 

 C.3: Post-Failure Photos 

  Figure C-5: GS Post-Failure Photos 

  Figure C-6: GH Post-Failure Photos 

  Figure C-7: BS Post-Failure Photos 

  Figure C-8: BH Post-Failure Photos  
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C.1: Load-Deflection Plots 

 
Adjusted Load-Deflection 

 
Measured Load-Deflection 

Figure C-1: GS Load-Deflection Plots 
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(instrumentation malfunction) 

Adjusted Load-Deflection 

 

Measured Load-Deflection 

Figure C-2: GH Load-Deflection Plots 
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Adjusted Load-Deflection 

 

Measured Load-Deflection 

Figure C-3: BS Load-Deflection Plots 
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Adjusted Load-Deflection 

 

Measured Load-Deflection 

Figure C-4: BH Load-Deflection Plots 
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C.2: STM Calculations 

Table C-1: STM Calculations using AASHTO & Williams et al. 

  Equation GS GH BS BH 
Material 

Properties 
𝑓𝑓𝑐𝑐′ (ksi)  5.07 5.22 5.09 5.06 
𝑓𝑓𝑦𝑦 (ksi)  71.9 64.1 64.1 64.1 

Geometry 

𝑧𝑧 (in) �2 ∗ �𝑠𝑠𝑝𝑝𝑟𝑟𝑒𝑒 𝑠𝑠𝑝𝑝𝑡𝑡𝑐𝑐ℎ
2

− 𝑐𝑐𝑐𝑐𝑟𝑟 𝑑𝑑𝑝𝑝𝑚𝑚.
4

�
2

  34.65 

ℎ (in) 0.9 ∗ 𝑑𝑑 24.3 
𝛼𝛼 (deg) tan−1 �ℎ

𝑧𝑧
�  35.04 

𝛽𝛽 (deg)  45 

Development 
Length 

Reduction 

𝑙𝑙𝑑𝑑,𝑠𝑠𝑡𝑡𝑐𝑐𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒𝑑𝑑 (in)  20.13  20.13  
𝑙𝑙𝑑𝑑,𝑡𝑡𝑒𝑒𝑟𝑟𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒𝑑𝑑 (in)  33.91  46.45  
𝑓𝑓𝑦𝑦,𝑡𝑡𝑒𝑒𝑑𝑑𝑠𝑠𝑐𝑐𝑒𝑒𝑑𝑑  (ksi) 𝑓𝑓𝑦𝑦 ∗

𝑟𝑟𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑑𝑑

𝑟𝑟𝑑𝑑,𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑
  42.7  27.8  

Tie Yielding 
𝑇𝑇𝑛𝑛𝑠𝑠 (k) 𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠 ∗ 𝑓𝑓𝑦𝑦(,𝑡𝑡𝑒𝑒𝑑𝑑𝑠𝑠𝑐𝑐𝑒𝑒𝑑𝑑) 472 709 307 709 

𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒 (k) 4 ∗ 𝑇𝑇𝑛𝑛𝑠𝑠 ∗
tan(𝛼𝛼)
sin(𝛽𝛽)  1,873 2,813 1,219 2,813 

Column 
Bearing 

𝑚𝑚  1 
𝜈𝜈  0.85 

𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′  4.31 4.44 4.33 4.30 
𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 (in2)  1024 
𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐 (k) 𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟2 ∗ 𝑓𝑓𝑐𝑐𝑠𝑠 4,413 4,543 4,430 4,404 

Support 
Bearing 

𝑚𝑚  1 
𝜈𝜈  0.60 0.59 0.60 0.60 

𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′ 3.02 3.07 3.03 3.02 
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 (in2)  201 
𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠 (k) 4 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠2 ∗ 𝑓𝑓𝑐𝑐𝑠𝑠 2,432 2,473 2,438 2,429 

With 
Development 

Length 
Reduction 

Predicted Failure Load (k) 1,873 2,473 1,219 2,429 

Predicted Failure Mode T BS T BS 

No 
Development 

Length 
Reduction 

Predicted Failure Load (k) 2,432 2,473 2,438 2,429 

Predicted Failure Mode BS BS BS BS 
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Notation: 
 𝑓𝑓𝑐𝑐′   Concrete strength at test day (ksi) 
 𝑓𝑓𝑦𝑦   Yield strength of bottom mat reinforcement (ksi) 
 𝑧𝑧   Horizontal component of strut (in) 
 𝑑𝑑  Depth from top of footing to centroidal axis of reinforcement (in) 
 ℎ  Height of the strut (in) 
 𝛼𝛼  Angle of strut from horizontal (deg) 
 𝛽𝛽  Angle of diagonal section to orthogonal section (deg) 
 𝑙𝑙𝑑𝑑,𝑠𝑠𝑡𝑡𝑐𝑐𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒𝑑𝑑 Provided development length (in) 
 𝑙𝑙𝑑𝑑,𝑡𝑡𝑒𝑒𝑟𝑟𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒𝑑𝑑 Required development length (as calculated in Table 2-2, in) 
 𝑇𝑇𝑛𝑛𝑠𝑠  Nominal tie resistance (k) 
 𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒  Tie failure load (k) 
 𝑚𝑚  Confinement modification factor 
 𝜈𝜈  Concrete efficiency factor 
 𝑓𝑓𝑐𝑐𝑠𝑠   Limiting compressive stress at node face (ksi) 
 𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟  Area of column (in2) 
 𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐 Column bearing failure load (k) 
 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠   Area of support (in2) 
 𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠 Support bearing failure load (k) 
 Predicted Failure Mode: T=Tie Yielding, BS=Bearing at Supports 
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Table C-2: 2D AASHTO (using 𝑚𝑚 and 𝜈𝜈 from AASHTO) 

  Equation GS GH BS BH 
Material 

Properties 
𝑓𝑓𝑐𝑐′ (ksi)  5.07 5.22 5.09 5.06 
𝑓𝑓𝑦𝑦 (ksi)  71.9 64.1 64.1 64.1 

Development 
Length 

Reduction 

𝑙𝑙𝑑𝑑,𝑠𝑠𝑡𝑡𝑐𝑐𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒𝑑𝑑 (in)  20.13  20.13  
𝑙𝑙𝑑𝑑,𝑡𝑡𝑒𝑒𝑟𝑟𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒𝑑𝑑 (in)  33.91  46.45  
𝑓𝑓𝑦𝑦,𝑡𝑡𝑒𝑒𝑑𝑑𝑠𝑠𝑐𝑐𝑒𝑒𝑑𝑑  (ksi) 𝑓𝑓𝑦𝑦 ∗

𝑟𝑟𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑑𝑑

𝑟𝑟𝑑𝑑,𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑
  42.7  27.8  

𝑧𝑧 (in) �2 ∗ �𝑠𝑠𝑝𝑝𝑟𝑟𝑒𝑒 𝑠𝑠𝑝𝑝𝑡𝑡𝑐𝑐ℎ
2

− 𝑐𝑐𝑐𝑐𝑟𝑟 𝑑𝑑𝑝𝑝𝑚𝑚.
4

�
2
  34.65 

ℎ (in) 0.9 ∗ 𝑑𝑑 24.3 
𝜃𝜃 (deg) tan−1 �ℎ

𝑧𝑧
�  35.04 

Tie Yielding 

𝑇𝑇𝑐𝑐𝑡𝑡𝑡𝑡ℎ𝑐𝑐𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟  (k) 𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠 ∗ 𝑓𝑓𝑦𝑦(,𝑡𝑡𝑒𝑒𝑑𝑑𝑠𝑠𝑐𝑐𝑒𝑒𝑑𝑑) 472 709 307 709 
𝜃𝜃′ (deg)  45 

𝑇𝑇𝑑𝑑𝑝𝑝𝑚𝑚𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟(𝑘𝑘) 𝑇𝑇𝑝𝑝𝑝𝑝𝑜𝑜ℎ𝑝𝑝𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜
sin(𝜃𝜃′)

  668 1003 434 1003 

𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒 (k) 4 ∗ 𝑇𝑇𝑑𝑑𝑝𝑝𝑚𝑚𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟 ∗ tan(𝜃𝜃)  1,873 2,813 1,219 2,813 

Column 
Bearing 
Strength 
(CCC) 

𝑚𝑚 �𝐴𝐴2
𝐴𝐴1
≤ 2  2 

𝜈𝜈  0.85 
𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′  8.62 8.87 8.65 8.60 
𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟 (in2)  1024 

𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐 (k) 𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟2 ∗ 𝑓𝑓𝑐𝑐𝑠𝑠 8,826 9,087 8,861 8,808 

Support 
Bearing 
Strength 
(CTT) 

𝑚𝑚 �𝐴𝐴2
𝐴𝐴1
≤ 2  1.94 

𝜈𝜈  0.60 0.59 0.60 0.60 
𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′ 5.86 5.96 5.87 5.85 
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 (in2)  201.1 
𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠 (k) 4 ∗ 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠2 ∗ 𝑓𝑓𝑐𝑐𝑠𝑠 4,712 4,791 4,723 4,707 

(continued on next page) 
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Column S-N 
Interface 
(CCC) 

𝑚𝑚 �𝐴𝐴2
𝐴𝐴1
≤ 2  2 

𝜈𝜈  0.60 
𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′ 6.05 6.15 6.06 6.04 
ℎ𝑜𝑜
2

 (in) 0.1 ∗ 𝑑𝑑 2.7 
ℎ𝑚𝑚 (in)  5.4 
𝑙𝑙𝑏𝑏 (in)  22.6 
𝑤𝑤𝑠𝑠 (in) 𝑙𝑙𝑏𝑏 ∗ sin(𝜃𝜃) + 𝑎𝑎 ∗ cos(𝜃𝜃) 17.4 
𝐴𝐴 (in2) 𝑙𝑙𝑏𝑏 ∗ 𝑤𝑤𝑠𝑠 394 

𝐹𝐹𝑠𝑠−𝑛𝑛,𝑐𝑐 (𝑘𝑘) 𝑓𝑓𝑐𝑐𝑠𝑠 ∗ 𝐴𝐴 2383 2423 2389 2381 
𝑃𝑃𝑠𝑠−𝑛𝑛,𝑐𝑐 (k) 4 ∗ 𝐹𝐹𝑠𝑠−𝑛𝑛,𝑐𝑐 ∗ sin(𝜃𝜃) 5,474 5,565 5,486 5,468 

Support S-N 
Interface 
(CTT) 

𝑚𝑚 �𝐴𝐴2
𝐴𝐴1
≤ 2  2 

𝜈𝜈  0.60 
𝑓𝑓𝑐𝑐𝑠𝑠 (ksi) 𝑚𝑚 ∗ 𝜈𝜈 ∗ 𝑓𝑓𝑐𝑐′ 6.05 6.15 6.06 6.04 
ℎ𝑜𝑜
2

 (in) 𝑑𝑑′ 5 
ℎ𝑚𝑚 (in)  10 
𝑙𝑙𝑏𝑏 (in)  14.2 
𝑤𝑤𝑠𝑠 (in) 𝑙𝑙𝑏𝑏 ∗ sin(𝜃𝜃) + 𝑎𝑎 ∗ cos(𝜃𝜃) 16.3 
𝐴𝐴 (in2) 𝑙𝑙𝑏𝑏 ∗ 𝑤𝑤𝑠𝑠 231.5 

𝐹𝐹𝑠𝑠−𝑛𝑛,𝑠𝑠 (𝑘𝑘) 𝑓𝑓𝑐𝑐𝑠𝑠 ∗ 𝐴𝐴 1400 1424 1404 1399 
𝑃𝑃𝑠𝑠−𝑛𝑛,𝑠𝑠 (k) 4 ∗ 𝐹𝐹𝑠𝑠−𝑛𝑛,𝑠𝑠 ∗ sin(𝜃𝜃) 3,217 3,270 3,224 3,213 

Predicted Failure Load (k) 1,873 2,813 1,219 2,813 
Predicted Failure Mode T T T T 
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Notation: 
 𝑓𝑓𝑐𝑐′    Concrete strength at test day (ksi) 
 𝑓𝑓𝑦𝑦    Yield strength of bottom mat reinforcement (ksi) 
 𝑙𝑙𝑑𝑑,𝑠𝑠𝑡𝑡𝑐𝑐𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒𝑑𝑑  Provided development length (in) 
 𝑙𝑙𝑑𝑑,𝑡𝑡𝑒𝑒𝑟𝑟𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒𝑑𝑑  Required development length (Table 2-2, in) 
 𝑑𝑑   Depth from top of footing to centroidal axis of reinf. (in) 
 ℎ   Height of the strut (in) 
 𝑧𝑧    Length of the strut (in) 
 𝜃𝜃   Angle of strut from horizontal (deg) 
 𝑇𝑇𝑐𝑐𝑡𝑡𝑡𝑡ℎ𝑐𝑐𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟  Tie force in orthogonal direction (k) 
 𝜃𝜃′   Angle of diagonal section to orthogonal section (deg) 
 𝑇𝑇𝑑𝑑𝑝𝑝𝑚𝑚𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟  Tie force in diagonal direction (k) 
 𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒    Tie failure load (k) 
 𝑚𝑚   Confinement modification factor 
 𝜈𝜈   Concrete efficiency factor 
 𝑓𝑓𝑐𝑐𝑠𝑠    Limiting compressive stress at node face (ksi) 
 𝐴𝐴𝑐𝑐𝑐𝑐𝑟𝑟   Area of column (in2) 
 𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐  Column bearing failure load (k) 
 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠   Area of support (in2) 
 𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠  Support bearing failure load (k) 
 ℎ𝑚𝑚   Height of node back face (in) 
 𝑙𝑙𝑏𝑏   Length of node bearing face (in) 
 𝑤𝑤𝑠𝑠   Width of strut at node (in) 
 𝐴𝐴   Area of bearing face at node (in2) 
 𝐹𝐹𝑠𝑠−𝑛𝑛,𝑐𝑐   Strength of strut-to-node interface at column (k) 
 𝑃𝑃𝑠𝑠−𝑛𝑛,𝑐𝑐   Column strut-to-node interface failure load (k) 
 𝑑𝑑′   Depth from centroidal axis of reinf. to bottom footing(in) 
 𝐹𝐹𝑠𝑠−𝑛𝑛,𝑠𝑠   Strength of strut-to-node interface at support (k) 
 𝑃𝑃𝑠𝑠−𝑛𝑛,𝑠𝑠   Support strut-to-node interface failure load(k) 
 Predicted Failure Mode: BS=Bearing at Supports 
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Table C-3: 2D ACI 318-19 

  Equation GS GH BS BH 
Material 

Properties 
𝑓𝑓𝑐𝑐′ (ksi)  5.07 5.22 5.09 5.06 
𝑓𝑓𝑦𝑦 (ksi)  71.9 64.1 64.1 64.1 

Development 
Length 

Reduction 

𝑙𝑙𝑑𝑑,𝑠𝑠𝑡𝑡𝑐𝑐𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒𝑑𝑑 (in)  20.13  20.13  
𝑙𝑙𝑑𝑑,𝑡𝑡𝑒𝑒𝑟𝑟𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒𝑑𝑑 (in)  33.51  45.90  
𝑓𝑓𝑦𝑦,𝑡𝑡𝑒𝑒𝑑𝑑𝑠𝑠𝑐𝑐𝑒𝑒𝑑𝑑  (ksi) 𝑓𝑓𝑦𝑦 ∗

𝑟𝑟𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑𝑝𝑝𝑑𝑑

𝑟𝑟𝑑𝑑,𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑
  43.2  28.1  

𝑧𝑧 (in) �2 ∗ �𝑠𝑠𝑝𝑝𝑟𝑟𝑒𝑒 𝑠𝑠𝑝𝑝𝑡𝑡𝑐𝑐ℎ
2

− 𝑐𝑐𝑐𝑐𝑟𝑟 𝑑𝑑𝑝𝑝𝑚𝑚.
4

�
2
  34.65 

ℎ (in) 0.9 ∗ 𝑑𝑑 24.3 
𝜃𝜃 (deg) tan−1 �ℎ

𝑧𝑧
�  35.04 

Tie Yielding 

𝑇𝑇𝑐𝑐𝑡𝑡𝑡𝑡ℎ𝑐𝑐𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟  (k) 𝑠𝑠 ∗ 𝐴𝐴𝑠𝑠 ∗ 𝑓𝑓𝑦𝑦(,𝑡𝑡𝑒𝑒𝑑𝑑𝑠𝑠𝑐𝑐𝑒𝑒𝑑𝑑) 478 709 311 709 
𝜃𝜃′ (deg)  45 

𝑇𝑇𝑑𝑑𝑝𝑝𝑚𝑚𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟(𝑘𝑘) 𝑇𝑇𝑝𝑝𝑝𝑝𝑜𝑜ℎ𝑝𝑝𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜
sin(𝜃𝜃′)

  668 1003 434 1003 

𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒 (k) 4 ∗ 𝑇𝑇𝑑𝑑𝑝𝑝𝑚𝑚𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟 ∗ tan(𝜃𝜃)  1,895 2,813 1,233 2,813 

Strength of 
Nodal Zone 

(CCC) 

𝛽𝛽𝑐𝑐  2 
𝛽𝛽𝑛𝑛  1 

𝑓𝑓𝑐𝑐𝑒𝑒 (ksi) 0.85 ∗ 𝛽𝛽𝑐𝑐 ∗ 𝛽𝛽𝑛𝑛 ∗ 𝑓𝑓𝑐𝑐′  8.62 8.87 8.65 8.60 
𝐴𝐴𝑛𝑛𝑧𝑧,𝑐𝑐 (in2)  1024 
𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐 (k) 𝐴𝐴𝑛𝑛𝑧𝑧,𝑐𝑐

2 ∗ 𝑓𝑓𝑐𝑐𝑒𝑒 8,826 9,087 8,861 8,808 

Strength of 
Nodal Zone 

(CTT) 

𝛽𝛽𝑐𝑐  1.94 
𝛽𝛽𝑛𝑛  0.60 

𝑓𝑓𝑐𝑐𝑒𝑒 (ksi) 0.85 ∗ 𝛽𝛽𝑐𝑐 ∗ 𝛽𝛽𝑛𝑛 ∗ 𝑓𝑓𝑐𝑐′  5.01 5.16 5.03 5.00 
𝐴𝐴𝑛𝑛𝑧𝑧,𝑠𝑠 (in2)  201.1 
𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠 (k) 4 ∗ 𝐴𝐴𝑛𝑛𝑧𝑧,𝑠𝑠

2 ∗ 𝑓𝑓𝑐𝑐𝑒𝑒 4,029 4,148 4,045 4,021 
(continued on next page) 
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Strut 
Strength at 

Column End 
(CCC) 

𝛽𝛽𝑠𝑠  1 
𝛽𝛽𝑐𝑐  2 

𝑓𝑓𝑐𝑐𝑒𝑒 (ksi) 0.85 ∗ 𝛽𝛽𝑐𝑐 ∗ 𝛽𝛽𝑛𝑛 ∗ 𝑓𝑓𝑐𝑐′  8.62 8.87 8.65 8.60 
ℎ𝑜𝑜
2

 (in) 0.1 ∗ 𝑑𝑑 2.7 
ℎ𝑚𝑚 (in)  5.4 
𝑙𝑙𝑏𝑏 (in)  22.6 
𝑤𝑤𝑠𝑠 (in) 𝑙𝑙𝑏𝑏 ∗ sin(𝜃𝜃) + 𝑎𝑎 ∗ cos(𝜃𝜃) 17.4 
𝐴𝐴𝑐𝑐𝑠𝑠 (in2) 𝑙𝑙𝑏𝑏 ∗ 𝑤𝑤𝑠𝑠 394 
𝐹𝐹𝑛𝑛𝑠𝑠,𝑐𝑐 (𝑘𝑘) 𝑓𝑓𝑐𝑐𝑒𝑒 ∗ 𝐴𝐴𝑐𝑐𝑠𝑠 3396 3497 3409 3389 
𝑃𝑃𝑛𝑛𝑠𝑠,𝑐𝑐 (k) 4 ∗ 𝐹𝐹𝑛𝑛𝑠𝑠,𝑐𝑐 ∗ sin(𝜃𝜃) 7,800 8,031 7,831 7,785 

Strut 
Strength at 

Support End 
(CTT) 

𝛽𝛽𝑠𝑠  0.4 
𝛽𝛽𝑐𝑐  1.94 

𝑓𝑓𝑐𝑐𝑒𝑒 (ksi) 0.85 ∗ 𝛽𝛽𝑐𝑐 ∗ 𝛽𝛽𝑛𝑛 ∗ 𝑓𝑓𝑐𝑐′  3.34 3.44 3.35 3.33 
ℎ𝑜𝑜
2

 (in) 𝑑𝑑′ 5 
ℎ𝑚𝑚 (in)  10 
𝑙𝑙𝑏𝑏 (in)  14.2 
𝑤𝑤𝑠𝑠 (in) 𝑙𝑙𝑏𝑏 ∗ sin(𝜃𝜃) + 𝑎𝑎 ∗ cos(𝜃𝜃) 16.3 
𝐴𝐴𝑐𝑐𝑠𝑠 (in2) 𝑙𝑙𝑏𝑏 ∗ 𝑤𝑤𝑠𝑠 231.5 
𝐹𝐹𝑛𝑛𝑠𝑠,𝑠𝑠 (𝑘𝑘) 𝑓𝑓𝑐𝑐𝑒𝑒 ∗ 𝐴𝐴𝑐𝑐𝑠𝑠 773 796 776 772 
𝑃𝑃𝑛𝑛𝑠𝑠,𝑠𝑠 (k) 4 ∗ 𝐹𝐹𝑛𝑛𝑠𝑠,𝑠𝑠 ∗ sin(𝜃𝜃) 1,776 1,829 1,783 1,773 

 

Predicted 
Failure 

Load (k) 
 1,776 1,829 1,233 1,773 

Predicted 
Failure 
Mode 

 SN_S SN_S T SN_S 
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Notation: 
 𝑓𝑓𝑐𝑐′    Concrete strength at test day (ksi) 
 𝑓𝑓𝑦𝑦    Yield strength of bottom mat reinforcement (ksi) 
 𝑙𝑙𝑑𝑑,𝑠𝑠𝑡𝑡𝑐𝑐𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒𝑑𝑑  Provided development length (in) 
 𝑙𝑙𝑑𝑑,𝑡𝑡𝑒𝑒𝑟𝑟𝑠𝑠𝑝𝑝𝑡𝑡𝑒𝑒𝑑𝑑  Required development length (Table 2-2, in) 
 𝑑𝑑   Depth from top of footing to centroidal axis of reinf. (in) 
 ℎ   Height of the strut (in) 
 𝑧𝑧    Length of the strut (in) 
 𝜃𝜃   Angle of strut from horizontal (deg) 
 𝑇𝑇𝑐𝑐𝑡𝑡𝑡𝑡ℎ𝑐𝑐𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟  Tie force in orthogonal direction (k) 
 𝜃𝜃′   Angle of diagonal section to orthogonal section (deg) 
 𝑇𝑇𝑑𝑑𝑝𝑝𝑚𝑚𝑏𝑏𝑐𝑐𝑛𝑛𝑚𝑚𝑟𝑟  Tie force in diagonal direction (k) 
 𝑃𝑃𝑡𝑡𝑝𝑝𝑒𝑒    Tie failure load (k) 
 𝛽𝛽𝑐𝑐   Strut and node confinement modification factor 
 𝛽𝛽𝑛𝑛   Nodal zone coefficient 
 𝑓𝑓𝑐𝑐𝑒𝑒    Effective compressive strength of concrete in a strut (ksi) 
 𝐴𝐴𝑛𝑛𝑧𝑧,𝑐𝑐   Area of column (in2) 
 𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑐𝑐  Column bearing failure load (k) 
 𝐴𝐴𝑛𝑛𝑧𝑧,𝑠𝑠   Area of support (in2) 
 𝑃𝑃𝑏𝑏𝑒𝑒𝑚𝑚𝑡𝑡𝑝𝑝𝑛𝑛𝑏𝑏,𝑠𝑠  Support bearing failure load (k) 
 ℎ𝑚𝑚   Height of node back face (in) 
 𝑙𝑙𝑏𝑏   Length of node bearing face (in) 
 𝑤𝑤𝑠𝑠   Width of strut at node (in) 
 𝐴𝐴𝑐𝑐𝑠𝑠    Cross-sectional area at end of strut (in2) 
 𝐹𝐹𝑛𝑛𝑠𝑠,𝑐𝑐   Nominal compressive strength of strut at column end (k) 
 𝑃𝑃𝑛𝑛𝑠𝑠,𝑐𝑐   Column end of strut failure load (k) 
 𝑑𝑑′   Depth from centroidal axis of reinf. to bottom footing (in) 
 𝐹𝐹𝑛𝑛𝑠𝑠,𝑠𝑠   Nominal compressive strength of strut at support end (k) 
 𝑃𝑃𝑛𝑛𝑠𝑠,𝑠𝑠   Support end of strut failure load(k) 
 Predicted Failure Mode: T=Tie Yielding, SN_S=Strut Failure at Supports 
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Table C-4: Additional STM Estimates 

Method 
Specimen ID: GS GH BS BH 

Test Failure 
Load 𝑃𝑃𝑓𝑓 (k) 2,107 2,775 2,703 2,884 

1) AASHTO LRFD with 
Williams et al. with top node 

located 0.1h from top 

Failure Load 
𝑃𝑃 (k) 1,834 2,473 1,194 2,429 

Predicted 
Mode T BS T BS 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.15 1.12 2.26 1.19 

2) AASHTO LRFD with 
Williams et al. with top node 

located 0.1d from top 

Failure Load 
𝑃𝑃 (k) 1,873 2,473 1,219 2,429 

Predicted 
Mode T BS T BS 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.12 1.12 2.22 1.19 

3) Previous method neglecting 
reduced development length 

for BS 

Failure Load 
𝑃𝑃(k) 1,873 2,473 2,438 2,429 

Predicted 
Mode T BS BS BS 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.12 1.12 1.11 1.19 

4) AASHTO 2D STM 
𝑚𝑚 & 𝜈𝜈 from AASHTO 

Failure Load 
𝑃𝑃(k) 1,873 2,813 1,219 2,813 

Predicted 
Mode T T T T 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.12 0.99 2.22 1.03 

5) AASHTO 2D STM 
𝑚𝑚 from AASHTO 

𝜈𝜈 = 0.45 

Failure Load 
𝑃𝑃(k) 1,873 2,498 1,219 2,422 

Predicted 
Mode T SN_S T SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.12 1.11 2.22 1.19 

(continued on next page) 
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Method 
Specimen ID: GS GH BS BH 

Test Failure 
Load 𝑃𝑃𝑓𝑓 (k) 2,107 2,775 2,703 2,884 

6) AASHTO 2D STM 
𝑚𝑚 = 1 

𝜈𝜈 from AASHTO 

Failure Load 
𝑃𝑃 (k) 1,608 1,635 1,219 1,606 

Predicted 
Mode SN_S SN_S T SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.31 1.70 2.22 1.80 

7) AASHTO 2D STM 
𝑚𝑚 from AASHTO but capped 

at 2.25 instead of 2 
𝜈𝜈 = 0.45 

neglecting reduced 
development length for BS 

Failure Load 
𝑃𝑃 (k) 1,873 2,731 2,663 2,647 

Predicted 
Mode T SN_S SN_S SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.12 1.02 1.02 1.09 

8) ACI 318-19 2D STM 

Failure Load 
𝑃𝑃(k) 1,776 1,829 1,233 1,773 

Predicted 
Mode SN_S SN_S T SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.19 1.52 2.19 1.63 

9) ACI 318-19 2D STM 
neglecting reduced 

development length for BS 

Failure Load 
𝑃𝑃(k) 1,776 1,829 1,783 1,773 

Predicted 
Mode SN_S SN_S SN_S SN_S 

𝑃𝑃𝑓𝑓/𝑃𝑃 1.19 1.52 1.52 1.63 
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C.3: Post-Failure Photos 
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Figure C-5: GS Post-Failure Photos 
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Figure C-6: GH Post-Failure Photos 
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Figure C-7: BS Post-Failure Photos 
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Figure C-8: BH Post-Failure Photos 



 
 

84 

REFERENCES 

AASHTO. (2017). Bridge Design Specifications, 8th Edition. American Association of 
State Highway and Transportation Officials, Washington, D.C.  

ACI Committee 318. (2014). Building Code Requirements for Reinforced Concrete (ACI 
318-14) and Commentary (318R-14). American Concrete Institute, Farmington 
Hills, MI. 

ACI Committee 318. (2019). Building Code Requirements for Structural Concrete and 
Commentary (ACI 318-19). American Concrete Institute, Farmington Hills, MI. 

Adebar, P., Kuchma, D., and Collins, M. (1990). Strut-and-Tie Models for the Design of 
Pile Caps: An Experimental Study. ACI Structural Journal, V. 87, No. 1, pp. 81-92. 

Adebar, P., and Zhou, Z. (1993). Bearing Strength of Compressive Struts Confined by Plain 
Concrete. ACI Structural Journal, V. 90, No. 5, pp. 534-541. 

Adebar, P., and Zhou, Z. (1996). Design of Deep Pile Caps by Strut-and-Tie Models. ACI 
Structural Journal, V. 93, No. 4, pp. 437-448. 
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