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ABSTRACT 

Steel and precast columns are commonly designed to transfer moment loads to concrete 
foundations through cast-in-place headed anchors. The ACI 318-19 Building Code does not 
consider the additive effect of both concrete and reinforcing bars when calculating the capacity of 
the concrete breakout failure mode. Laboratory tests were performed to provide benchmark 
physical data to determine the applicability of various design methods. The test specimen consisted 
of a full-scale interior steel-column to concrete-foundation connections located away from 
foundation edges, with details typical of current construction practice on the West Coast of the 
United States. Strength was governed by concrete breakout failure. Strategically placed shear 
reinforcing increased the strength and displacement capacity of anchored connections governed 
by breakout. 
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1 INTRODUCTION 

This report describes the test results of a steel-column to concrete-foundation connection specimen 
reinforced with distributed shear reinforcement in the slab. 

Connections between structural columns and foundations are common in building construction. 
Whether the column is cast-in-place concrete, precast concrete, or structural steel, moment transfer 
at the foundation presents a challenge for designers as little consensus exists regarding what failure 
modes are relevant or which design provisions apply. The ACI 318-19 Building Code does not 
consider the additive effect of both concrete and reinforcing bars when calculating the capacity of 
the concrete breakout failure mode. 

The ACI anchoring-to-concrete provisions historically reflect larger safety margins than is 
common in other parts of the code. This is in part due to the potential for a “single-point fastening” 
whereby loads can be carried by a connection providing no redundancy and little warning of 
failure. Various options for reducing conservatism are discussed such as including the beneficial 
effect of column flexural compression and the use of a median breakout strength rather than a 5-
percent fractile value. These measures may allow designers to consider breakout failure in a 
manner that is more consistent with other methods and may lead to more economical designs, 
while preserving the overall required reliability. 

A full-scale interior steel-column to concrete-foundation connections located away from 
foundation edges was constructed and tested under reversed-cyclic lateral loading to better 
understand the failure mechanisms and design requirements of shear reinforcing on concrete 
breakout failure.   
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2 LITERATURE REVIEW 

A common method for anchoring attachments to concrete is through steel rods with an enlarged 
bearing surface or head embedded in the concrete. To anchor structural members to concrete 
foundations, it is common to use threaded bolts with a nut acting as the head, with or without 
washers. ACI 318-14 Chapter 17 provides building code requirements for the design of such 
anchors. For single headed bars or groups of headed bars subjected to tensile loads, four failure 
modes are to be checked:  

1. Steel failure 

2. Concrete breakout 

3. Pull out 

4. Concrete side-face blowout 

The present research focuses primarily on the concrete breakout failure mode.  
When a tensile force is applied to a headed anchor, the load is transferred to the concrete through 
the bearing surface of the head as normal pressure. This produces tensile stresses locally around 
the head. When the tensile stresses exceed the tensile capacity of the concrete, cracks initiate 
around the anchor head. It has been observed experimentally (Eligehausen and Sawade, 1989) that 
at loads as low as 30% of the ultimate breakout load, discrete cracks have already initiated at the 
anchor head. As the load increases, the cracks propagate towards the surface in a radially 
symmetric pattern forming a cone-like segment of concrete. At 90% of the ultimate load, the cracks 
have traveled only about 30% of the distance from the anchor head to the surface. Figure 2-1 shows 
the strains along the failure plane at 30% and 90% of the maximum load. If a load is steadily 
increased until failure, the cracks will travel all the way to the surface and detach the concrete 
cone. A breakout-type failure is easily identifiable due to the cone-shaped segment of detached 
concrete. 
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Figure 2-1. Tensile stress distribution perpendicular  

to the failure cone surface (Eligehausen and Sawade, 1989) 

 

ACI 318-14 breakout equations are based on the so-called CCD-method (Concrete Capacity 
Design) (Fuchs, et al., 1995). This method assumes a 35° slope for the cone as shown in Figure 
2-2 and a uniform stress along the failure surface, which results in the following equation for basic 
concrete breakout strength of a single anchor in tension in cracked concrete: 

 𝑁! = 𝑘"$𝑓"#ℎ$%&  (1) 

Where: 

𝑁!: Basic concrete breakout strength of a single anchor in tension in cracked concrete in lb 

𝑘": Coefficient 𝑘" = 24 for anchors with ℎ$% < 11 in. and 𝑘" = 16 for anchors with 11 in. ≤	ℎ$% ≤ 
25 in. 

𝑓"#: Concrete compressive strength in units of psi 

ℎ$%: Effective embedment depth in units of in. (See Figure 2-2) 

𝛼: Exponent 𝛼 = 1.5 for anchors with ℎ$% < 11 in. and 𝛼 = 5/3 for anchors with 11 in. ≤	ℎ$% ≤ 
25 in. 
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Figure 2-2. Assumed geometry for concrete breakout cone (ACI Committee 318, 2014) 

The values of 𝑘" and 𝛼 in equation (1) were determined from a large database of test results in 
uncracked concrete at the 5th percent fractile (Fuchs, et al., 1995), which were then adjusted for 
cracked concrete (Eligehausen, et al., 1995). For anchors with large embedments (11 in. ≤	ℎ$% ≤ 
25 in.), it has been shown that the values of 𝑘" and α developed for small embedment lengths can 
be overly conservative. Alternate values of 𝑘" and α have been adopted for these larger embedment 
lengths. To visualize the effect of these new factors, Figure 2-3 plots both models for two values 
of 𝑓"#. The transition from one model to the next at ℎ$% = 11 in. is clear. 

 
Figure 2-3. ACI 318 Models for basic concrete breakout strength of a single anchor in tension in 

cracked concrete Nb 

Equation (1) uses the concrete compressive strength as a proxy for tensile strength, elastic 
modulus, and other concrete properties. This simplification contributes to scatter in experimental 
results. Figure 2-4 shows a histogram of the ratio of measured to calculated anchor failure loads 
for 318 single headed anchor tests. The average value is 0.99 and there is significant scatter. 
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Figure 2-4. Histogram of measured to calculated concrete cone failure loads for headed anchors 

subjected to concentric tension (Eligehausen, et al., 1992) 

Similarly, Figure 2-5 shows the ratio of measured to calculated anchor failure loads for varying 
concrete compressive strength. Significant scatter is observed. The lower 5% percentile of these 
results is used in ACI 318. A factor of 1.33 is commonly used to convert from a 5% to the 50% 
value. 

 

Figure 2-5. Ratio of measured to calculated concrete cone failure loads for headed anchors 
subjected to tension as a function of concrete compressive strength (Eligehausen, et al., 1992) 

 

Once the basic concrete breakout strength of a single anchor in tension in uncracked concrete is 
determined (𝑁!), ACI 318-14 requires that this value be modified to consider group effects, load 
eccentricity, edge distance, and concrete cracking as follows: 
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For a single anchor: 

 𝑁"! =
𝐴'"
𝐴'"(

𝛹$),'𝛹",'𝛹"+,'𝑁! (2) 

For a group of anchors: 

 𝑁"!, =
𝐴'"
𝐴'"(

𝛹$",'𝛹$),'𝛹",'𝛹"+,'𝑁! (3) 

Where: 

𝑁"!:	Nominal concrete breakout strength in tension of a single anchor		
𝑁"!,: Nominal concrete breakout strength in tension of a group of anchors 

𝐴'" : Projected failure area of a single anchor or group in question 

𝐴'"( = 9ℎ$%-  : Projected concrete failure area of a single anchor if not affected by edges 

 

The term 𝐴'"/𝐴'"( is known commonly as the “group factor” and models the capacity drop due 
to the presence of multiple anchors with overlapping potential cone failure surfaces. The “group 
factor” also considers a drop in capacity due to limited edge distance where the potential cone 
failure surface might intersect a lateral face before reaching the top surface. 

The 𝛹 factors in equations (2) and (3) consider additional modifications. The modification factor 
for anchor groups loaded eccentrically in tension, 𝛹$",', is calculated as: 

 𝛹$",' =
1

31 + 2𝑒'#
3ℎ$%

7
 (4) 

Where: 

𝛹$",': Modification factor for anchor groups loaded eccentrically in tension 

𝑒'# : Load eccentricity 

 

The modification factor for edge effects of anchor groups in tension, 𝛹$),', is calculated as: 

 
If 𝑐.,/01 ≥ 1.5ℎ$%, then 𝛹$),' = 1.0 

If 𝑐.,/01 < 1.5ℎ$%, then 𝛹$),' = 0.7 + 0.3 "!,#$%
2.45&'

 
(5) 

Where: 

𝛹$),': Modification factor for edge effects of anchors in tension 

𝑐.,/01: Shortest edge distance of any anchor in the group 
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The modification factor for cracked concrete, 𝛹",', is taken as: 

 
𝛹",' = 1.25 for uncracked concrete under service loads 

𝛹",' = 1.00 for cracked concrete under service loads 
(6) 

For cast-in-place anchors, the splitting modification factor is taken as 𝛹"+,' = 1.0. 

 

Numerical simulations and experimental testing have shown that for the case of a base plate 
resisting moment and anchored to concrete with multiple anchor groups, equation (3) can be overly 
conservative. The bearing of the base plate on the surface of the potential concrete breakout cone 
(see Figure 2-6) apparently increases the anchor group capacity. Figure 2-7 shows multiple 
proposed modification factors to describe this effect as a function of the joint aspect ratio. The 
joint aspect ratio serves as a proxy to determine if the compressive bearing force from the column 
is acting on the potential cone surface or if it is too far away to have a significant effect. Trends in 
laboratory test data (Mahrenholtz, et al., 2014) are consistent with the modification factor proposed 
by Herzog (2015). 
 

 𝛹6 = 2.5 − 7
5&'

≥ 1.0  (7) 

Where: 

𝛹6: Modification factor for compressive bearing force 

𝑧: Lever arm. Distance between tension in anchor group and resultants of compressive bearing 
pressure 

ℎ$%: Anchor group effective depth 

This factor is not included in ACI 318-14. Similar factors are permitted in some European codes 
like CEN/TS 1992-4-1:2009.  

 
Figure 2-6. Influence of compressive force on concrete cone breakout capacity after Zhao (1993) 

(Eligehausen, et al., 2006) 

z

hef

T C

35°
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Figure 2-7. Influence of compression force on concrete cone breakout capacity as a function of 

ratio internal lever arm to embedment depth. Modified from (Eligehausen, et al., 2006) 
 
  

Tests
FE-Simulations
Zhao (1993)
Bruckner et al. (2001)
Eligehausen / Fichtner (2003)
Worsfold (2017)
Herzog (2015)
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For the particular case of headed reinforcement terminating in an edge joint, the commentary of 
ACI 318-14 indicates that if the headed reinforcing bar is developed a distance greater than or 
equal to 𝑑/1.5 (see Figure 2-8), then breakout is precluded and it is not required to check for 
breakout failure using Chapter 17. 
 

 
Figure 2-8. Breakout failure precluded in joint by keeping anchorage length greater than or equal 

to d / 1.5 (ACI 318-14 R25.4.4.2c) 

 
The ACI 318-19 provisions recognizes some benefits when additional reinforcement is present in 
the vicinity of anchor groups by defining two categories of reinforcement: anchor reinforcement 
and supplementary reinforcement. The use of anchor reinforcement is intended as an alternative 
to explicit calculation of the concrete breakout strength as the concrete strength is ignored. This 
reinforcement is designed to carry the full force of the anchor group into the member and must be 
developed on both sides of the assumed breakout plane as per ACI 318 development length 
provisions. A strength reduction factor of 0.75 is allowed. Research shows (Eligehausen et al., 
2009) that anchor reinforcement placed further than 0.5ℎ$% from the anchor centerline is not 
considered effective. Supplementary reinforcement is generally configured and placed similar to 
anchor reinforcement, but is not designed to carry the full force from the anchor group. This 
reinforcing is intended to control concrete splitting. When supplementary reinforcement is present, 
minimum edge, spacing, and thickness provisions need not apply. The use of larger strength 
reduction factors (Φ) is allowed to recognize increased deformation capacity. Full development of 
supplementary reinforcement beyond the assumed breakout failure plane is not required. 
 
The Eurocode defines a concept called supplementary reinforcement which is analogous to anchor 
reinforcement in ACI 318. Supplementary reinforcement in the Eurocode is designed for the full 
force in the anchor group, disregarding the concrete breakout strength calculation. The strength of 
the supplementary reinforcement considers explicit calculations for yielding of the reinforcing and 
bond failure. The reinforcing must be developed on both sides of the assumed failure cone, but 
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less strict requirements are placed on the segment of the bar developed in the concrete cone. A 
secondary concrete cone failure check is required at the termination of the supplementary 
reinforcing. The Eurocode allows supplementary reinforcing less than 0.75ℎ$% from the anchor 
centerline to be considered effective. 
 
Papadopoulos et al. (2018) investigated headed reinforcing bars in column-slab connections for 
bridges through physical testing and finite element simulations. They demonstrated that shear 
reinforcing in the form of J-bars inside the joint and stirrups outside the joint prevented breakout 
failure. Additional shear reinforcing bars beyond the first row outside the joint seemed to have no 
effect. The results led to detailing recommendations adopted by Caltrans in MTD 20-7 (Caltrans 
2016).  



11 

 

3 SPECIMEN DESIGN 

3.1 SPECIMEN REQUIREMENTS 

A main purpose of the test specimen is to determine the effect of shear reinforcing on the moment 
transfer strength of a column-foundation connection with cast-in-place headed anchors. The main 
design considerations in designing the test specimen details are as follows: 

• All failure modes that are not of interest will be designed to resist the expected yield 
capacity of the column.  

• The specimen design will resemble as closely as possible some aspects of current practice 
on the West Coast of the United States.  

• An ordinary concrete mixture will be used with no special additives. Local materials will 
be used in accordance with the mixture design in A.6.  

• A seismically compact wide-flanged steel column section will be used for the column. 

• No axial load will be applied to the column to isolate the effect of moment loading. 

• The concrete slab will be large enough to allow for a potential breakout failure to occur 
without interference of supports or slab edges. 

• The specimen will be loaded cyclically and quasi-statically in the longitudinal direction 
with a displacement driven loading protocol. 

• The slab will not rest on the laboratory floor but will be simply supported as this is 
considered to be a more critical case without soil support. 

 
  



12 

3.2 SPECIMEN GEOMETRY AND DESIGN 

Figure 3-1 is a schematic representation of the test set-up. The footing is prestressed to the 
laboratory strong floor with nine 1-3/4'' 150 ksi Williams Rods loaded to 140 kips each. The 
prestressing rods and concrete supports are located at opposite ends of the footing in the 
longitudinal direction (the longitudinal direction is parallel to the column web). Two actuators are 
attached to the column free end at about 45˚ relative to the principal axis of the column cross 
section. The actuators are programmed to displace the column in the longitudinal direction only, 
limiting transverse displacements. 

 
Figure 3-1. Isometric view of specimen and loading frame 

 
Figure 3-2 to Figure 3-9 show the specimen drawings. For complete as-built drawings see 
APPENDIX B.  
 
As shown in Figure 3-2, Figure 3-3, and Figure 3-4, the column consists of an A992 Grade 50 
W12 x 112 steel section. The column is welded to a 24 in. by 21.5 in. by 2-3/4 in. A529 G50 steel 
base plate with a 5.25 in. by 5.25 in. by 2 in. A529 G50 shear lug (Figure 3-5). The base plate and 
shear lug are grouted in place to the concrete foundation. Four 1-1/2 in. diameter G105 anchor 
bolts on each side of the column pass through 1-5/8 in. (Figure 3-6) diameter holes in the base 
plate and use heavy hex nuts and a plate (1.25 in. x 3.5 in. x 3.5 in.) as heads at an effective depth 
of 14.3 in. (see Figure 3-7). The anchor bolts extend 10 in. above the base plate to accommodate 
placement of a load cell on each anchor bolt and to provide additional stretch length.  
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The foundation slab was designed such that the slab would have sufficient shear and moment 
strength to resist the expected forces from column yield. Longitudinal reinforcement was designed 
assuming the reinforcement was Grade 60. However, to ensure that extensive flexural yielding 
would not occur if moment transfer strength was underestimated, the provided bars are Grade 100. 
Longitudinal reinforcing mats are provided at both the top and bottom surfaces of the slab. Details 
are in Figure 3-2. 
 
Shear reinforcing was placed in the region around the anchor groups as seen in Figure 3-8. A larger 
region was reinforced on the west side of the specimen compared to the east side. The shear 
reinforcing bars had head on one end and 180-degree hooks on the other (see Figure 3-9). The 
shear reinforcing bars would hang form the intersections of the longitudinal bars. 
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Figure 3-2. Elevation view of longitudinal A-A cross section of specimen 
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Figure 3-3. Elevation view of transverse B-B cross section of specimen 
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Figure 3-4. Plan view of specimen 
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Figure 3-5. Base plate details 
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Figure 3-6. Base plate and shear lug details 
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Figure 3-7. Anchor details 
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Figure 3-8. Plan view reinforcement location 
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Figure 3-9. Shear reinforcing details 

 
 
 
 
  



22 

3.3 CALCULATIONS OF CONNECTION STRENGTH  

Detailed calculations of the strength of the column-foundation connection are presented below. 
Mean predictor equations and measured material properties are used. Also, the strength reduction 
factor for LRFD calculations is set as  𝜙 = 1 for all methods shown below. With the exception of 
moment transfer strength within the column-footing joint, all other strengths (for example, base 
plate yield, support failure, anchor yield, column failure, etc.) are designed such that the column 
will yield first. Detailed calculations for all other failure modes are shown in APPENDIX C. 

3.3.1 Concrete Breakout Equations (ACI 318-14 Ch.17 Anchoring to Concrete) 

3.3.1.1 Unmodified Concrete Breakout Equations 
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In the previous calculation, the factor for uncracked concrete is used (𝜓𝑐𝑁 = 1.25). This factor is 
based on research by Eligehausen and Balogh (1995). Concrete is considered “uncracked” if 
service loads applied to the concrete prior to applying the anchor force are insufficient to crack the 
concrete. It could be argued, however, that the anchors in the test slab provide the main loading 
for the foundation slab and that these loads are sufficient to crack the concrete in the region of the 
anchors, and therefore the breakout strength should be based on cracked concrete. The breakout 
capacity calculation is repeated below considering the concrete to be cracked (𝜓𝑐𝑁 = 1.00). 
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3.3.2 Horizontal Joint Shear Equations (ACI 352R-02 Design of Beam-Column 
Connections) 

The ACI 352-02 (2002) provisions were developed for design of beam-column joints in moment 
frames. Here we follow an engineering practice of extending the application of the provisions to 
the design of column-foundation connections in which the flexural tension forces from the column 
are developed through cast-in-place headed anchors. The ACI 352 design procedure requires 
definition of the dimensions of the concrete column entering the joint. Here we replace the actual 
steel column with a pseudo-concrete column. The outer column dimensions are assumed to be the 
center-to-center distance between the outermost anchors plus an anchor bar diameter plus nominal 
hoops (0.5 in. diameter) plus twice a nominal cover of 1.5 in., resulting in 24 in. by 20.5 in. nominal 
column dimensions as shown in Figure 3-10. Detailed calculations of joint nominal strength are 
shown below. 
 

 
Figure 3-10. Pseudo concrete column dimensions 

 

The nominal horizontal joint shear is calculated below: 
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The force applied on the column free end (𝑃) can be written as a function of the horizontal joint 
shear using a moment equilibrium equation from Figure 3-12 and the horizontal equilibrium 
equation from Figure 3-13(a): 

 𝑃 = 8%(
)

*.,-.9(;<=)(?@5/)@
0.
1 A@

)
1

= 89	𝑘𝑖𝑝𝑠  (8) 

Where: 

𝑃: Force applied on column free end 

𝐻: Vertical distance between point of load application and top surface of slab (see Figure 3-11) 

𝐿: Horizontal distance between slab supports (see Figure 3-11) 

𝑉15: Nominal horizontal joint shear 

𝑡: Slab thickness 

ℎ": in plane horizontal joint width 

 

 
 

The force in the anchor group (𝑇B) can be calculated using the AISC Design Guide 1 procedure to 
estimate the distance between the tension and compression resultants form the column (z) as 
follows: 

 𝑇B =
𝑃𝐻
𝑧 = 414	𝑘𝑖𝑝𝑠 (9) 
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Figure 3-11. Free body diagram complete specimen 

 

 
Figure 3-12. Free body diagram internal forces acting on node 

 

 
Figure 3-13. Free body diagrams for horizontal (left) and vertical joint shear (right). For clarity, 

only the horizontal and vertical forces are shown respectively 
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3.3.3 Secondary Breakout Cones 

When a region of distributed shear reinforcement is placed around an anchor group, the potential 
exists for a secondary breakout cone that engulfs the anchor group and the shear reinforcement. 
The strength of the secondary breakout cone can be calculated considering the relative increase in 
the group factor as follows: 

 𝑁"!,C = 𝑁"!,( M
𝐴1"C

𝐴1"(
N (10) 

Where: 

𝑁"!,C : breakout strength of secondary cone 

𝑁"!,D : breakout strength of primary cone 

𝐴1"C : tributary area of secondary cone 

𝐴1"D : tributary area of primary cone 

 

A summary of the calculations follows: 
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3.3.4 Summary of Connection Capacities 

Table 3-1 lists the median anchor forces in the anchor group according to different failure criteria 
discussed. 

 
Table 3-1. Median anchor group force using different failure criteria 
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4 TEST SET-UP 

As can be seen in Figure 4-1, the 18 in. thick foundation slab was placed on concrete supports on 
both ends. To prevent sliding during the test, the slab was prestressed to the laboratory floor with 
nine 1-3/4'' 150 ksi Williams Rods loaded to 140 kips each. Two actuators were attached to the 
column near its free end, oriented at approximately 45° from the longitudinal axis and programmed 
to move the column longitudinally with minimal transverse displacement. Before initiating loading 
on test day, each anchor was prestressed to 3.5 kip in the following order: one, eight, four, five, 
two, seven, three, and six (see Figure 4-5 for anchor numbering). The initial load in the anchor 
groups can be seen in Figure 5-13 before the external loading begins. See Figure 3-1 to Figure 3-6 
for detailed drawings of the specimen. See APPENDIX F for photographs of the construction 
process and testing. 

 

 
Figure 4-1. Specimen set-up and instrumentation 
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4.1 INSTRUMENTATION 

A total of 91 instruments measuring at a frequency of 2 Hz were used to monitor the specimen 
behavior during testing. Figure 4-1 shows the final test set-up and instrumentation. The instruments 
used were: 

• 60 strain gages attached to reinforcing steel 

• 2 string potentiometers (wire pots) 

• 10 load cells 

• 17 linear potentiometers  

Ten strain gages were placed on longitudinal reinforcing bars. Of these, five were placed on the 
top layer and five on the bottom layer of the foundation slab as can be seen in the sketches in 
Figure 4-2. Two strain gages were places on each anchor approximately 3.8” above the anchor 
bearing surface on opposite sides of the anchor. Finally, one strain gage was placed approximately 
at mid height (8” from hook end) of each of the 34 “candy cane” reinforcing bars.  
Two string potentiometers were used to track the movement of the free end of the column in the 
North-South and East-West directions (Figure 4-2 and Figure 4-3).  

A load cell was placed on each of the eight anchors (Figure 4-5). 
Thirteen linear potentiometers were placed on the slab surface to measure the vertical 
displacements of the concrete and base plate during cyclic loading (Figure 4-6). Finally, four linear 
potentiometers were used to monitor specimen sliding. 
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Figure 4-2. Cross section A-A of specimen showing instrumentation 
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Figure 4-3. Cross section B-B of specimen showing instrumentation 
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Figure 4-4. Sketch of linear potentiometer location used to measure sliding 
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Figure 4-5. Plan view of base plate showing numbering of anchors and load cells 
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Figure 4-6. Plan view sketch of linear potentiometer location  
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Figure 4-7. Plan view sketch of shear reinforcement strain gage location  
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Figure 4-8. Elevation view of strain gage location on shear reinforcing and anchor rods 
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4.2 LOADING PROTOCOL 

The loading protocol was derived from the recommendation of FEMA-461 (2007). The top of the 
column was subjected to cycles of imposed displacement in the longitudinal direction of increasing 
amplitudes shown in Table 4-1. Two 45˚ actuators attached to the column were programmed to 
minimize transverse displacements. Displacements were imposed at a uniform rate, traveling from 
zero to maximum displacement in 1 min. As can be seen in Figure 4-9, two complete cycles were 
applied at each amplitude before continuing to the next amplitude. The drift ratio is calculated by 
dividing the lateral displacement by the vertical distance between the point of load application and 
the top surface of the slab (92 in.). 

 
Table 4-1. Amplitude of displacement-controlled loading protocol 

Cycle 𝛿 (in) Drift ratio (%) 
1 0.14 0.15% 
2 0.19 0.21% 
3 0.27 0.29% 
4 0.38 0.41% 
5 0.53 0.58% 
6 0.74 0.81% 
7 1.04 1.13% 
8 1.45 1.58% 
9 2.04 2.21% 

10 2.85 3.10% 
11 3.54 3.85% 
12 4.23 4.60% 
13 4.92 5.35% 
14 5.61 6.10% 
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Figure 4-9. Loading protocol imposed to column free end modified from FEMA-461 (2007) 

The loading was paused after the first positive and negative peaks of each new displacement target 
at 50% of the maximum displacement to document crack sizes and propagation.  
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5 RESULTS 

5.1 PICTURES AND VIDEOS 

Table 5-1 summarizes the links to one video of the casting and six videos of the testing. 

 
Table 5-1. Links to videos of specimen M02 

Video Title YouTube Link 
2020.09.03 M02  
Casting column-foundation specimen 

https://www.youtube.com/watch?v=yesN
QfyEMcs&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
Column-Foundation Connection Front 

https://www.youtube.com/watch?v=Kfhxo
B9XJ7c&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
Column-Foundation Connection Diagonal 

https://www.youtube.com/watch?v=zF13U
ddz-4o&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
GoPro Column 

https://www.youtube.com/watch?v=uKck
mjJZGjQ&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
GoPro Bottom East 

https://www.youtube.com/watch?v=X-
PtR6-sdyY&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
GoPro Bottom West 

https://www.youtube.com/watch?v=GABp
54TcXMA&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
GoPro Top East 

https://www.youtube.com/watch?v=Ou4IB
t9YSMk&ab_channel=BenjaminWorsfold 

2020.10.07 M02  
GoPro Top West 

https://www.youtube.com/watch?v=ZSGG
9aonAMQ&ab_channel=BenjaminWorsfold 

 
Figure 5-1 shows an elevation view of the specimen at peak displacement in both the west and 
east directions. Column torsion is observed when the column is loaded in the east direction. 
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Figure 5-1. Elevation view of specimen at a) maximum westerly displacement and b) maximum 

easterly displacement 

Figure 5-2 shows a plan view of the specimen as seen from a camera attached to the east face of 
the column. Image a) was taken before the test began, while image b) was taken at the peak easterly 
displacement. These images show the column free end rotated approximately 7° at the peak 
easterly displacement. No significant rotation is observed for the peak westerly rotation. 

 

 

Figure 5-2. Plan view of specimen from the camera attached to east face of column a) before test 
started and b) at the maximum displacement in the east direction showing approximately an 7° 

rotation 
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5.2 CRACK PATTERNS 

As was described in section 4.2, the test was paused after each new peak displacement to highlight 
the emerging crack patterns. The cracks formed at each load cycle were identified with different 
colors. Figure 5-3 shows the crack patterns at the end of the test on the top surface of the slab and 
the north and south lateral faces of the slab.  

 

 
Figure 5-3. Specimen crack pattern after failure, 12 in. x 12 in. grid, top view and two lateral 

unfolded views 

Figure 5-4a) shows a cross section of the test specimen where two failure cones are clearly 
observed, one per anchor group. Note that the east failure cone is larger than the west. The east 
side of the specimen had fewer rows of shear reinforcing and they are all contained within the 
failure cone. The west side had two additional rows of shear reinforcing and the failure cone does 
not contain all the rows. Figure 5-4b) shows a plan view of the specimen after failure and highlights 
the regions that sounded hollow when struck. The hollow sound corresponds with the outer edges 
of the breakout cone. Surface crack patterns indicate a larger failure cone on the east side than on 
the west.  

N 
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Figure 5-4. a) Specimen cross section and b) plan view highlighting crack patterns and breakout 
cone geometry, with 12-in. x 12-in. [305 mm x 305 mm] grid for specimen M02. The shaded region 

produced a hollow sound when knocked. 

 

Cracking was observed on the bottom surface of the specimen as shown in Figure 5-5 and Figure 
5-6. Radial cracks were observed to radiate out from the anchor groups. Punching of the anchors 
through the bottom of the slab was not observed. 
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Figure 5-5. Damage observed on the bottom surface of the specimen after failure as seen from 
west to east  

 

 

Figure 5-6. Damage observed on the bottom surface of the specimen after failure as seen from 
east to west 
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5.3 INSTRUMENTATION READINGS 

Figure 5-7 plots the force applied to the column free end against the column drift ratio. Each cycle, 
after cycle 8, is plotted with a different color. The specimen was loaded in the E-W direction. 
Positive displacement signifies movement towards the east. The E-W and N-S movement of the 
column free end was triangulated using measurements from two wire pots. The drift ratio was 
calculated by dividing the E-W displacement by the vertical distance between the point of load 
application to the top surface of the slab (92 in.). The load was calculated taking the E-W 
component of the two actuators. No sudden failure was observed. The specimen failed in a ductile 
manner and was able to achieve more than 4% drift ratio in each direction without a loss in 
strength. 

 
Figure 5-7. Force applied to column free end against column drift ratio  

(Positive drift ratio is movement to the east) 
 

Figure 5-8 overlays the loading in both directions from Figure 5-7 and shows that the initial 
stiffness in both directions is similar. The peak load was about 10% larger when loading the east 
anchor group.  
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Figure 5-8. Force applied to column free end versus column drift ratio for east and west anchor 

groups and various ATENA finite element blind predictions 
 

Figure 5-9 plots the column free end displacement over time. The loading was paused after each 
new displacement goal was passed at about 50% of peak displacement. A pause shows up as a 
horizontal line. 
 

 
Figure 5-9. Column free end displacement versus time.  
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Pauses in loading appear as horizontal lines. 

Table 5-2 shows the maximum force and drift ratio (DR) for each cycle compared with the 
displacement goal. The measured DR tends to be lower than the DR goal for each cycle. Figure 
5-10 plots the ratio of peak column force and peak DR for each cycle for the west and east loading 
directions. Up until cycle 8, the peak column force and DR were larger when loading the west 
anchor group. Between cycles 9 and 13, the peak column force and DR were larger when loading 
the east anchor group. During cycle 14, the final cycle, the east anchor group had already failed, 
so the displacement goal was not increased for that loading direction. The displacement goal for 
the west side was increased. The maximum difference between loading in the east and west 
directions was about 10% both in terms of column load and DR. 

 
Table 5-2. Maximum displacement and force applied to column free end per cycle 
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Figure 5-10. Ratio of east and west loading directions for the  

peak column displacement and peak column force  

 

The specimen begins to leave the elastic region in both loading directions at cycle 8 at an average 
DR = 1.3%. The specimen reaches a yield plateau in both directions at cycle 11 at an average DR 
= 3.5%. When loading the east anchor group, the DR was increased to DR = 4.4% without a drop 
in strength. Then the DR was increased to DR = 5.4% with only a 25% drop in load. When loading 
the west anchor group, the DR was increased to DR = 6.6% without a drop in strength. 
Taking the yield DR as the DR from cycle 11 where the yield plateau is reached and taking the 
maximum DR as the DR before a drop in strength, an approximate displacement ductility capacity 
can be calculated as (see Table 5-3): 

𝜇 =
𝐷𝑅/.E
𝐷𝑅F

 

 
Table 5-3. Approximate ductility capacity calculation per loaded anchor group 
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Figure 5-11 graphs the rotation due to the slab flexure and the anchor extension over time at the 
slab-column interface. The rotation is calculated from the measurements of four linear 
potentiometers measuring the vertical displacement of the base plate and the concrete surface. 
Initially, the slab barely rotates and most of the rotation happens due to extension of the anchors. 
As the test progresses, damage spreads in the concrete and the slab rotation increases significantly. 
The rotation due to anchor extension does not increase significantly once the yield strength of the 
specimen is reached because the load in the anchors does not increase. 

  
Figure 5-11. Rotation due to slab and anchor extension over time 
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Figure 5-12 plots the displacement of the column free end versus time and subdivides the 
displacement into contributions due to slab rotation, anchor extension, elastic column flexure, and 
elastic column shear. The column elastic deflection is calculated with the elastic theory knowing 
the load applied to the column free end and the column stiffnesses. The remainder of the 
displacement is attributed to experimental error. Initially the majority of the displacement is due 
to the elastic deformation of the column and anchor extension. As damage progresses in the 
concrete, the contribution of the slab rotation increases while the contribution of the elastic column 
decreases. The contribution of the anchor extension remains relatively constant once the specimen 
enters yielding behavior as the load on the specimen does not increase. 

 
Figure 5-12. Column free end displacement subdivided into contributions from the slab rotation, 

anchor extension, elastic column flexure, and elastic column shear,  
and experimental error versus time 

 

 
  



56 

Figure 5-13 shows the load in each anchor group versus time as measured by the load cells on each 
individual anchor. The initial prestress is observed to decrease as loading progresses and 
disappears completely after about seven cycles. Relaxation of the specimen is not observed when 
the loading is paused.  

 
Figure 5-13. Load in each anchor group as measured by load cells on each anchor over time 
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Figure 5-14 plots the group anchor loads against the column drift ratio for both the east and west 
groups as well as various ATENA finite element blind predictions. The anchor loads are measured 
with load cells on each anchor. The initial stiffness is very similar between both loading directions. 
The peak anchor loads between both loading directions are very similar.  
Table 5-4 summarizes the maximum loads in each anchor group. Similar to what is observed in 
Figure 5-8, no sudden drop in strength is observed. The east anchor group shows a very gradual 
drop in strength. 
 

 
Figure 5-14. Anchor group load versus column drift ratio, experimental data and various ATENA 

FEM blind predictions (anchor loads from load cells) 
 

Table 5-4. Maximum anchor load for east and west anchor groups as measured by load cells or 
strain gages 
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Figure 5-15 plots the same diagram as Figure 5-14 except that the anchor loads are calculated from 
strain gage measurements on the anchor rods. Before reaching the yield plateau, the loads as 
measured by the strain gages, are lower than the loads measured by the load cells. This may be 
because part of the load measured by the load cell is transferred into the concrete through anchor 
bond. This bond acts on the portion of the anchor rod between the top concrete surface and the 
strain gage which was placed at mid height (see Instrumentation). Once the yield plateau is 
reached, the anchor loads measured by these two methods are very similar. The bond between the 
anchor and the concrete has likely degraded at this point. 

  
Figure 5-15. Anchor group load versus column drift ratio, experimental data and various ATENA 

FEM blind predictions (anchor loads from strain gages) 
 
  



59 

Figure 5-16 and Figure 5-17 plot the anchor group load versus the base plate uplift which serves 
as a proxy for anchor extension. Figure 5-16 shows the data measured up to cycle 8. Figure 5-17 
shows the data for the whole test. The base plate uplift was measured as the difference between 
the linear potentiometer reading placed vertically on the base plate and slab beside the anchors. 
Both anchor groups show similar stiffnesses. The graphs originate at (0,0) which indicates that the 
initial prestressing was successful at eliminating the gap between the base plate and the slab. The 
east anchor group begins to show some hardening behaviors as loading progresses and the anchor 
prestressing is lost. Figure 5-17 shows that as loading progresses past cycle 8, the gap between the 
base plate and the slab increases and the anchor prestressing is lost. A distinct hardening behavior 
is observed for both anchor groups. The asymmetric behavior during the last load cycle caused the 
west anchor group to develop a negative gap value.  

 

 
Figure 5-16. Anchor group load against gap below base plate (proxy for anchor extension) as 

measured by load cells on each anchor and linear potentiometers on base plate and slab (up to 
cycle 8) 
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Figure 5-17. Anchor group load against gap below base plate (proxy for anchor extension) as 

measured by load cells on each anchor and linear potentiometers on base plate and slab (full test) 
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As described previously, two actuators were attached to the column free end at about 45° to the 
loading direction and programmed to constrain movement to the longitudinal direction only. 
Figure 5-18 shows a plan view of the measured displacement of the column free end. When loading 
towards the west, very little lateral sway was observed. When loading towards the east, some 
lateral sway towards the south is visible. The pictures in Figure 5-1 show that the actuators are 
causing torsion in the column and pushing it towards the south. This pattern was also observed in 
test specimen M01. 

 

 

 
 

Figure 5-18. Plan view of the displacement of the column free end triangulated with measurements 
from wire pots 1 and 2 (positive displacement is north and east) 

  

N 
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Figure 5-19 plots the force – displacement relationship for the column free end in the transverse Y 
direction (N-S). The two actuators attached to the column free end were programmed to move the 
column solely in the longitudinal direction (E-W). For most of the test, the column did not displace 
significantly in the transverse direction. During the final few cycles, the column began to sway 
south (negative drift). The actuators applied a force towards the north (positive load) to try to bring 
the column back to center. This pattern was also observed for test M01. 
 
 

 
Figure 5-19. Force applied to the column free end in the Y direction (N-S) versus drift ratio in the Y 

direction (positive load and displacement is towards the north) 
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If the specimen were perfectly symmetric along the longitudinal axis (creating symmetric north 
and a south halves), and if the loading were applied perfectly in the longitudinal direction with no 
transverse loading, then the readings from the north anchor load cells would be identical to the 
corresponding symmetric south anchors. Figure 5-20 plots the load in each north anchor against 
the load in the corresponding symmetric south anchor for each anchor group (see Figure 4-5 for 
anchor numbering). For most of the test no significant asymmetry is observed. Some asymmetry 
is appears while loading the east anchor groups during post failure cycles. 
 
 

 
Figure 5-20. Plot of the load in each north anchor versus the load in the corresponding symmetric 

south anchor for the east and west anchor groups separately 
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Figure 5-21 plots the loads in the outer anchors number 1, 4, 5, and 8) versus the loads in the inner 
anchors (number 2, 3, 6, and 7). No significant asymmetry is observed during the test. Both inner 
and outer anchors seem to carry a similar load. See Figure 4-5 for anchor numbering scheme. 
 

 
Figure 5-21. Plot of the load in the two inner anchors against the load in the two outer anchors for 

the east and west anchor groups 
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Figure 5-22 shows a plan view of the specimen which subdivides the shear reinforcing into five 
groups / rows. Figure 5-23 shows the maximum strain felt by each shear reinforcing bar. Rows 
four and five did not yield. Figure 5-25 to Figure 5-29 plot the strain in each shear reinforcing row 
against the column drift ratio. In these figures the global load – drift ratio plot is also shown to be 
able to compare the behavior of the shear reinforcement to the specimen global behavior. The first 
yield of each bar is highlighted. Figure 5-24 shows the moments when each shear reinforcing bar 
first reaches expected yield strain. Rows one to three all begin to yield during cycle nine at a 𝐷𝑅	 ≈
	1.7%. The shear reinforcing in rows four and five did not yield. Yielding begins to happen as the 
specimen leaves the linear range. 

 

 
Figure 5-22. Plan view of the specimen separating the shear reinforcing into rows 

 

 

 

 
Figure 5-23. Plan view of the specimen showing maximum strain felt by each shear reinforcing bar 
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Figure 5-24. Force – drift ratio curve highlighting instances when the shear reinforcing bars first 

reached the expected yield strain 
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Figure 5-25. Load versus column drift ratio and shear reinforcing strain versus column drift ratio 
for Row 1. The first yield of each reinforcing bar is shown as a yellow circle. Vertical black lines 

indicate the first yielding of any reinforcing bar in that row. Expected yield is shown as a 
horizontal black line	

Row 1 
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Figure 5-26. Load versus column drift ratio and shear reinforcing strain versus column drift ratio 
for Row 2. The first yield of each reinforcing bar is shown as a yellow circle. Vertical black lines 

indicate the first yielding of any reinforcing bar in that row. Expected yield is shown as a 
horizontal black line	

Row 2 
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Figure 5-27. Load versus column drift ratio and shear reinforcing strain versus column drift ratio 
for Row 3. The first yield of each reinforcing bar is shown as a yellow circle. Vertical black lines 

indicate the first yielding of any reinforcing bar in that row. Expected yield is shown as a 
horizontal black line	

Row 3 
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Figure 5-28. Load versus column drift ratio and shear reinforcing strain versus column drift ratio 
for Row 4. The first yield of each reinforcing bar is shown as a yellow circle. Vertical black lines 

indicate the first yielding of any reinforcing bar in that row. Expected yield is shown as a 
horizontal black line	

Row 4 



71 

 
Figure 5-29. Load versus column drift ratio and shear reinforcing strain versus column drift ratio 
for Row 5. The first yield of each reinforcing bar is shown as a yellow circle. Vertical black lines 

indicate the first yielding of any reinforcing bar in that row. Expected yield is shown as a 
horizontal black line 

  

Row 5 
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Design Guide 1 by AISC (Base Plate and Anchor Rod Design, 2006) was used to proportion the 
specimen and estimate anchor forces from the loads placed on the column. This document 
recommends assuming a uniform bearing pressure below the base plate as seen in Figure 5-30. To 
verify this design assumption, the anchor forces obtained through this procedure are compared 
with the experimental anchor group forces as measured by load cells on the anchors. Figure 5-31 
compares the theoretical and experimental anchor loads. The measured loads are consistently 
larger than the theoretically calculated loads. At peak load, the measured forces are about 20% 
higher than the theoretical forces. The discrepancy increases as the load cycles increase. This trend 
was also observed in M01 (Worsfold, 2019). These observations imply that the resultant of the 
bearing pressure is closer to the anchor group in tension than what is predicted by the AISC 
uniform pressure model. Improved models could decrease the value of the bearing pressure or 
assume the pressure distribution is not uniform. 
 
An infinitely flexible base plate would place the compression resultant force below the column 
compression flange (15.2” from tension anchors). A rigid base plate would place the compression 
resultant at the far edge of the base plate (21.25” from tension anchors). Following the AISC 
procedure, at peak anchor force, the horizontal distance from the tension anchors to the 
compression resultant is near 20”. 
  
 
 

 
Figure 5-30. Assumed free body diagram for a base plate with large moment (AISC, 2006) 
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Figure 5-31. Comparison between the theoretical (AISC Design Guide 1) and the measured anchor 

group forces, measured loads from load cells on anchors 
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A row of linear potentiometers was placed along the top surface of the slab to measure vertical 
displacements (see arrangement of potentiometers in Figure 4-6). The row spans the longitudinal 
direction of the slab. Deflections due to self-weight are not included as the reference position of 
the instruments is the deformed shape of the simply supported slab under self-weight. The row of 
instruments is 19.5 in. from the slab centerline. During load cycle eight, the specimen began to 
leave the elastic range and the slab deformed with a double-curvature shape as can be seen in 
Figure 5-32. The double-curvature shape is flips when loading in the opposite directions. This 
shape is consistent with what would be expected from elastic beam theory. 

 

 
Figure 5-32. Vertical displacements of the top surface of the slab measured with a row of linear 
potentiometers at maximum positive and negative displacement for cycle eight (beginning to 

leave elastic range 
  



75 

Figure 5-33 shows the displacement measurements by the same instruments as described above, 
but for the first positive and negative peaks of cycle twelve. During this cycle the specimen is 
experiencing a yield plateau and the capacity has not yet dropped. The double-curvature shape is 
still clearly observed. 

 

 
Figure 5-33. Vertical displacements of the top surface of the slab measured with a row of linear 
potentiometers at maximum positive and negative displacement for cycle twelve (during yield 

plateau) 
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Figure 5-34 shows the same displacement measurements by the instruments as described above. 
The first graph shows the maximum displacement during the whole test while the second graph 
shows the permanent deformation after the test was completed. Significant permanent 
displacement is observed. The area under the permanent displacement curve is larger along the 
right half (east side) of the specimen suggesting that the breakout cone volume was larger on this 
side. This was corroborated with in in situ crack pattern inspection (see Figure 5-4). 

 

 
Figure 5-34. Vertical displacements of the top surface of the slab measured with a row of linear 

potentiometers showing maximum displacement during the test and permanent deformation after 
the test (permanent displacements) 
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A top and a bottom longitudinal reinforcing bar passing through the joint were instrumented with 
five strain gages each, 21 in. on center (see arrangement of strain gages in Figure 4-2). The 
instrumented bars were 4 in. from the slab centerline. Figure 5-35 plots the strains in these 
reinforcing bars at maximum positive and negative displacement for cycle eight. Strains due to 
self-weight are not included because the reference position of the instruments is the simply 
supported slab under self-weight. During this cycle the specimen is beginning to leave the elastic 
range. The top and bottom bars show an inverted double-curvature shape consistent with what 
would be expected from elastic beam theory. For loading in the opposite direction, the double-
curvature shape is flipped. The strain gages in the middle of the specimen for the top and bottom 
bars do not follow this pattern as they show tensile strains for both loading directions. The strain 
gage in the middle of top bar shows a higher strain than others. 

 
Figure 5-35. Strains in top and bottom longitudinal reinforcing bar at maximum positive and 

negative displacement for cycle eight (beginning to leave elastic range) 
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Figure 5-36 shows the strain measurements by the same instruments as described above, but for 
the first positive and negative peaks of cycle twelve. During this cycle the specimen is experiencing 
a yield plateau and the capacity has not yet dropped. In general, all strain gages experience tensile 
strains no matter the loading direction. Consistent with elastic beam theory, the portions of the slab 
with negative moment (tension on top) show higher tensile strains in the top reinforcing bar. 
Similarly, the segments with positive moment (tension on bottom) show higher tensile strains in 
the bottom bar. The double-curvature shape is not as visible as clearly as in the previous load step 
(Figure 5-35). The three middle gages of the bottom reinforcing bar show an approximately 
uniform tensile strain no matter the loading direction. The top reinforcing bar shows relatively low 
tensile strains except for the gages just outside the joint on the side of the slab where the anchors 
are being loaded in tension. The strains in this gage exceed the expected yield strain for A706 G60 
reinforcing bars. As described in Chapter 3, the slab reinforcement was designed to resist moments 
corresponding to the expected column yield. However, to avoid excessive inelastic strains in case 
the moment capacity was underestimated, the Gr60 reinforcement was substituted for high strength 
reinforcement. This means that the steel has not yielded. 

 
Figure 5-36. Strains in top and bottom longitudinal reinforcing bar at maximum positive and 

negative displacement for cycle twelve (yield plateau before strength degradation) 
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Figure 5-37 shows the maximum and minimum strain measured by each strain gage during the 
whole test. The middle strain gage of the top bar (T3) was damaged at the end of cycle 12. For this 
gage, the strain range shown is what was sensed before it failed. No strain gage exceeded 4480 µϵ, 
which is approximately the yielding strain of reinforcement with fy = 130 ksi. During the whole 
test, no gage experienced significant compressive strains. Figure 5-38 shows the permanent strains 
in the gages after the test ended. The middle strain gage of the top bar (T3) is not shown. 

 

 
Figure 5-37. Strain range of top and bottom reinforcing bars during whole test. Note: the middle 

strain gage of the top bar (T3) was damaged at the end of cycle 12. The strain range shown is what 
was sensed before instrument failure 
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Figure 5-38. Permanent strains in gages after the test ended. Note: the middle strain gage of the 

top bar (T3) was damaged at the end of cycle 12 so it is not shown 
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5.4 SPECIMEN SLIDING, ELONGATION AND SUPPORT UPLIFT 

To prevent sliding during the test, the specimen was prestressed to the laboratory floor with nine 
1-3/4'' 150 ksi Williams Rods prestressed to 140 kips each. Linear potentiometers were placed on 
the east and west faces of the slab and the concrete supports along the slab longitudinal center line 
at mid height (see section 4.1) to detect any sliding movement of the specimen relative to the 
laboratory floor. Figure 5-39 plots the horizontal displacement of the east and west supports as 
well as the east and west faces of the slab. Positive sliding represents movement towards the east. 
No sliding is observed, but the specimen experienced dilation when loaded in both directions. The 
specimen longitudinal dilation is calculated as the difference between the east and west face 
displacements and is shown in Figure 5-40. The maximum dilation was approximately 0.12 in. and 
occurred at maximum displacement in both loading directions. Permanent dilation was observed 
after the test of approximately 0.06 in.. 
 
 

 
Figure 5-39. Horizontal displacement of east and west faces of specimen and support measured 

along the slab centerline in the direction of loading relative to the laboratory floor, positive sliding 
is movement towards the east 
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Figure 5-40. Slab longitudinal elongation during testing 
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Linear potentiometers were placed in a vertical position on the top surface of the slab above the 
concrete supports as described in section 4.1 to measure specimen uplift at the supports. Figure 
5-41 plots the uplift of both support with a positive measurement indicating uplift. The magnitude 
of the displacements is small indicating that the prestressed supports were effective in preventing 
both uplift of the specimen during testing. 
 
 

 
Figure 5-41. Specimen uplift at west and east supports versus time 
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6 DISCUSSION  

 
A column-foundation connection was tested at UC Berkeley’s Structural Laboratory. The column 
was a steel-wide-flange section with a base plate attached to the concrete foundation with cast-in-
place anchors. The specimen was loaded quasi-statically in a cyclic manner with increasing 
displacements until failure. The specimen provided two data points, one per failure of each anchor 
group on the east and west sides. All four anchor groups failed in a concrete breakout mode, 
without indications of other failure modes such as flexure, one-way shear, or joint shear. The 
presence of shear reinforcing did not preclude the breakout failure mode. 
 
Table 6-1 shows the median anchor group forces for multiple failure criteria. The table also shows 
the experimentally observed failure loads. 
 
Table 6-1. Median anchor group forces per failure mode and experimental results 

 
 
Specimen M02 incorporated an 8-in. by 8-in. [203 mm by 203 mm] shear reinforcing grid of 
#4G60 [Ø13 mm G420] bars with a 180-degree hook on one side and a head on the other. Both 
ends engaged longitudinal reinforcing. After controlling for concrete strength, the addition of shear 
reinforcing in specimen M02 increased the breakout force by 72% and displacement capacity by 
a factor of 3 on average compared to specimen M01 tested previously. The increased peak force 
is comparable to the calculated beam-column joint strength. The strength increase is consistent 
with the strut-and-tie model developed by (Kupfer H, 2003) for column-foundation connections 
which suggests tension ties outside the joint are required for equilibrium. Contrary to current 
assumptions in ACI 318-19 and EN 1992-4 design equations, relatively small amounts of shear 
reinforcing can improve the connection behavior. Most shear bars near the anchors developed 
strains well beyond the nominal yield strain (>3%) even though they were not developed on both 
sides of the potential breakout cone as would be required for ACI 318-19 anchor reinforcement. 
This observation suggests that anchoring shear reinforcing bars following the requirements for 
anchoring transverse reinforcement (ACI 318-19 Sec. 25.7.1.3) may be sufficient to develop the 
nominal yield stress. 
 
The specimens exhibited pinched hysteresis loops (see Figure 5-7), indicating a non-ductile 
concrete breakout failure. Increasing the breakout failure strength may allow the designer to 
provide an alternate more ductile failure mode (for example, anchor or column yielding).  
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For the east anchor group of specimen M02, the east face of the failure cone is located beyond the 
outer perimeter of the shear reinforcing bars (see Figure 5-4). If one assumes the shear 
reinforcement bars form part of the anchor group, the calculated strength of this larger secondary 
breakout cone increases by a factor of 1.72 due to the increased group factor. This strength increase 
is almost exactly that observed between specimen M01 and M02 (72%). The calculated increase 
in strength for the secondary breakout cone on the west side is about 3.14 due to the larger 
reinforced area. This secondary breakout failure cone was observed on the west side but did not 
govern. 
 
The additional rows of shear reinforcing on the west side of test specimen M02 did not increase 
the load capacity but did increase displacement capacity from a drift ratio of about 4% to about 
6% and prevented the formation of a secondary breakout cone initiating where the shear 
reinforcing ended. The shear reinforcing beyond 0.75hef from the anchor centerline does not seem 
to increase anchor force, consistent with Eurocode provisions for supplementary reinforcement. 
 
The specimen did not showed substantial cracking along the bottom surface, suggesting that the 
confining provided by soil may not have been critical to the concrete breakout failure mode which 
governed. The influence of soil support should be investigated further. 
 
The failure cones were asymmetric with a steeper slope towards the interior of the joint (see Figure 
5-4). This cone geometry is attributed to suppression of the unconstrained breakout surface 
because of flexural compression at the opposite side of the joint.  
 
ACI 318-19 commentary Sec. R25.4.4.2c suggests that breakout failure can be precluded in a joint 
by keeping anchorage length greater than or equal to 1/1.5 times the effective depth of the member 
introducing the anchor force into the joint. However, breakout failure occurred even though this 
recommendation was satisfied. 
 
With additional shear reinforcing, the breakout failure load of specimen M02 became comparable 
to the beam-column joint strength. The experiments did not test whether further additions of shear 
reinforcement would result in further increases in strength or whether strength would be limited 
by beam-column joint shear strength. The formation of a secondary failure cone beyond the outer 
perimeter of the shear reinforcing, analogous to the requirement for two-way slabs with shear 
reinforcement, should also be considered in design. 
 
Crack patterns on the surface of the specimen, as well as posthumous interior exploration, revealed 
breakout cones for both anchor groups. Evidence of beam-column joint failure was not observed. 
This failure mode would have involved concrete deterioration and joint dilation which. Evidence 
of a strut-and-tie type failure was not observed. Tie failure would have involved the failure of 
anchors or longitudinal reinforcing bars. Node failure would have involved the crushing of 
concrete at the anchor head bearing surface or along the base plate bearing surface. Strut failure 
would have involved the splitting or crushing of struts. 
 
Breakout failure does not seem to be precluded by placing the anchors a distance of d/1.5 into the 
concrete as suggested in the commentary of ACI 318-14 section R25.4.4.2c. 



86 

 
Current ACI breakout equations underpredicted the connection strength as it does not consider the 
effect of distributed shear reinforcing. 
 
Breakout failures are generally expected to be brittle, but Figure 5-7 shows some ductility. An 
average ductility value of 1.62 was calculated (see Table 5-3). 
 
Figure 5-7 and Figure 5-13 show relaxation of the specimen when the loading was paused, 
particularly during the final load cycles. The test was paused at about 50% of the peak 
displacement to minimize softening. 
 
The initial prestressing force in the anchors was lost as the cyclic loading progressed (see Figure 
5-13). The anchors were not re-stressed during the test. 
 
Figure 5-11 and Figure 5-12 show that during the elastic loading cycles, the column free end 
displacement was due mostly to the elastic deflection of the column and the anchor elongation. As 
the cycling loading progressed and damage spread in the concrete, the slab rotation became the 
dominant contributor to the column free end deflection. Also, at the instant breakout failure 
occurred, the slab rotated suddenly and the column unloaded. 
 
The AISC uniform bearing pressure model for the design of base plates from Design Guide 1, 
under predicts the peak anchor group force by about 20% (see Figure 5-31). The lever arm between 
the loaded anchors and the resultant of the bearing pressure is shorter than what is obtained using 
the AISC uniform pressure model. 
 
Section 5.4 shows that the specimen supports performed as designed. The specimen sliding, 
elongation, and uplift were all less than 0.025in., which is considered acceptable. 
 
As the specimen design intended, none of the instrumented reinforcing bars from the top or bottom 
meshes yielded. 
 
Before breakout failure, the top surface of the slab deflected in a double curvature shape as would 
be expected from traditional elastic beam theory (see Figure 5-32). 
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7 CONCLUSIONS 

A full-scale test specimen of an interior steel-column-to-concrete-foundation connection with cast-
in-place anchor bolts was constructed and tested. The test specimen provided two data points 
corresponding to the peak forces of each anchor group. The connection was tested under 
incrementally increasing cyclic lateral loading resulting in moment transfer from the column to the 
foundation element. The anchor groups failed in a brittle concrete breakout mechanism due to 
tensile force transfer from the anchor bolts to the foundation. This observation challenges the 
preconceived notion held by some designers that breakout failures will not govern the behavior of 
large-scale connections, provided they have adequate capacity to transfer the moment by an 
alternative mechanism such as joint shear. The pinched hysteresis loops are indicative of concrete 
failure. There was no evidence of failure or distress associated with other potential force-limiting 
mechanisms. 
Breakout failure governed even though the anchorage length was greater than 1/1.5 times the 
effective depth of the member introducing the anchor force into the joint. This observation runs 
contrary to ACI 318-19 commentary Sec. R25.4.4.2. ACI 318 should consider revised guidance or 
new code requirements emphasizing the importance of checking breakout failures in addition to 
checking joint shear strength. A good practice would be to check both breakout strength and beam-
column joint shear strength and use the lower value as the limit for design. 
The addition of a distributed grid of shear reinforcing in the breakout cone region can increase the 
breakout strength and displacement capacity. Increasing the breakout strength may allow the 
designer to provide a more desirable ductile failure mode like anchor yielding. Even though only 
the shear reinforcing within 0.75 hef of the anchors seems capable of increasing the breakout 
strength, additional rows can increase displacement capacity and prevent secondary breakout 
failure cones beyond the last row of shear reinforcement. ACI 318 and the Eurocodes should 
consider including provisions that combine the strength of concrete and shear reinforcement for 
the concrete breakout failure mode. 
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APPENDIX A.  MATERIAL PROPERTIES 
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A.1 Concrete Compressive Strength ASTM-C39 
Table A- 1 and Figure A- 1 summarize the results of compressive strength tests performed 
according to ASTM-C39. The column-foundation test specimen was tested on day 34. 

 

 

Figure A- 1. Concrete compressive strength growth 

 

Table A- 1. Concrete compressive strength results 

Date Days since cast f'c (psi) Average f'c (psi) 

10-Sep-20 7 
2110 

2150 
2190 

17-Sep-20 14 
2930 

2910 
2890 

24-Sep-20 21 
3350 

3400 
3450 

01-Oct-20 28 
3870 

3850 
3830 

07-Oct-20 34 
3990 

3930 
3863 
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A.2 Concrete Modulus of Elasticity and Stress-Strain Curve ASTM-C469 
Two concrete cylinders were tested according to ASTM-C469 to determine the modulus of 
elasticity on testing day (34 days from casting) (Figure A- 2). 

 
Figure A- 2. Concrete stress - strain results on test day (34 days from casting) 

 

Table A- 2. Concrete modulus of elasticity test results 

Specimen 1 2 Average 
Initial Concrete Modulus of 

Elasticity E (psi) 3,590,000 3,620,000 3,610,000 
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A.3 Concrete Splitting Tensile Strength ASTM-C496 
Splitting tensile strength tests on the concrete were performed on test day (34 days from casting) 
following the procedures of ASTM-C496-17. Results are shown in Table A- 3. 

 

Table A- 3. Concrete splitting tensile strength results on test day (34 days from casting) 

Specimen Tensile Strength ft (psi) Average ft (psi) 

1 431 
438 

2 444 
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A.4 Initial Concrete Fracture Energy 
Initial concrete fracture energy (𝐺𝑓) was determined following RELIM TC50-FMC-FMC1 
recommendation. Multiple identical notched beams were tested in a simply supported condition, 
with a roller on each side and a ball on top as shown in Figure A- 3. Mid-span deflection was 
measured relative to cast-in pins on both sides of the beam with LVDTs. The load and 
displacement of the actuator was also recorded. Closed-loop loading was used such that the 
midspan deflection increased at 1 in / 50,000 s. After the peak load was reached, the loading was 
increased by a factor of 10 to 1 in / 5000 s until the load dropped to zero. Beams were wet cured 
until 7d when they were unmolded and placed in a lime bath. Beams were removed from the lime 
bath no more than 30 min before testing and were kept wet with burlap and spray bottles. The data 
was recorded at 10 Hz. 

 

     

Figure A- 3. Concrete Fracture Energy test set-up 

Figure A- 4, Table A- 4 and Table A- 5 summarize the chosen specimen geometry. 
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Figure A- 4. Fracture energy specimen geometry (RILEM TC, 1985) 

 

Table A- 4. Fracture energy specimen geometry 

d (in.) b (in.) L (in.) l (in.) a0 (in.) 
6 6 21 18 1.8 

 

Table A- 5. Geometric considerations and properties 

da (in.) 0.75 
d/da 8.0 
b/da 8.0 
L/d 3.5 
S/d 3.0 
a0/d 0.3 

 

 
Figure A- 5 shows the load – deflection curves of five specimens. Figure A- 6 shows the 
displacement over time. The smoothness of these curves demonstrates that the closed loop loading 
system successfully produce uniform increase in displacement. Note the results for specimen 5 are 
not shown as this specimen was used for a trial test. Also, specimen 1 was loaded too quickly and 
is discarded. 
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Figure A- 5. Midspan deflection – load graph for fracture energy beams 

 

Figure A- 6. Midspan deflection over time for fracture energy beams 
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Table A- 6 summarizes the peak load and area under load - displacement curve for each specimen.  

Table A- 6. Fracture energy weight and failure load 

Specimen  Peak load (lb) Time to peak (s) W0 (lb-in) 	𝜹𝟎	(in.) 
1 2370 56 16.0 0.052 
2 2560 181 24.3 0.120 
3 2290 276 15.5 0.071 
4 2240 122 11.4 0.043 
6 2010 97 18.8 0.100 

 

The initial fracture energy is shown in Table A- 7 and is calculated as shown below. 

 

𝐺% = (𝑊G +𝑚𝑔𝛿G)/𝐴H0, 

 

Table A- 7. Experimental initial fracture energy  

Specimen Gf (N/m) Average Gf (N/m) 
2 221 

157 
3 136 
4 97 
6 175 

 
 
For comparison, Table A- 8 shows the fracture energy as calculated with Model Code 1990 and 
2010 equations. 

Table A- 8. Initial fracture energy from experiment and code approximations 

Method Gf (N/m) 
FMC1 157 
MC	1990 71 
MC	2010 132 

  



98 

A.5 Reinforcing Bar Properties ASTM-A370 
Three types of reinforcing bars were used in the project: #4G60 A706 for shear reinforcing, 
#4G100 for longitudinal reinforcing in the North-South direction and #6G100 for the East-West 
longitudinal reinforcing. Two samples of each bar type were tested. The stress – strain curves are 
shown in Figure A- 7, Figure A- 8, and Figure A- 9. Summaries of the reinforcing bar properties 
are shown in Table A- 9. The #4G60 bars show no yield plateau which can be expected if the bars 
were straightened from a coiled spool. 

 

 

Figure A- 7. Stress - strain graph for shear reinforcing bars #4G60 A706 
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Figure A- 8. Stress - strain graph for longitudinal reinforcing bars #4G60 A706 

 

Figure A- 9. Stress - strain graph for longitudinal reinforcing bars #6G100 

 



100 

Table A- 9. Measured reinforcing bar properties 
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A.6  CONCRETE MIXTURE DESIGN 
The concrete mixture was designed by Central Concrete as a 4000 psi mixture at 28 days with ¾” 
aggregate. Mixture details are shown in Figure A- 10. On casting day, not all the design water had 
been added into the mix resulting in a 3” slump. Once 30 gal of water had been added to the mix, 
the slump increased to a more workable 7.5” and the W/C ratio increased to the design value. 

 

 
Figure A- 10. Concrete mixture design 347EG9E1 by Central Concrete (Note: “Max Agg Size: 1” 

should read ¾”) 

 

CENTRAL -  CENTRAL CONCRETE 
   
,     
Tel : 

Date : 11/13/2017
3IN LN 470LBS 3/4" 25FA 3-5SLMix Code : Description :347EG9E1

Customer :
Project :

Specifications 

Revision Number :
Plant :

Creation Date :
Created By :OAKLAND PLANT (12)

248 09 Aug 2016
KIdiart

Consistence Class : 4.00
Strength Class :

Max W/C : 
Min Cement : 

Max Agg Size : 
Air Class : 2%3000 471   lb

1.00 1

Grading Specification :

 Material Type Description Supplier Source Design
Quantity

Specific
Gravity

Volume
ft3

Cement 990100   CEMENT ASTM C150 TYPE II/V 353 lbCemex-Victorville 3.15 1.80
Fly Ash 990200   * FLY ASH 118 lbSRMG-Four Corners 2.00 0.95
Coarse Aggregate 990301  3/4 GRAVEL 1675 lbCemex-Eliot 2.68 10.02
Fine Aggregate 990405   *ASTM C-33 SAND--ANGEL ISLAND 1475 lbHanson-Oakland   2.62 9.02
Admixture MASTER POZZOLITH 322N 19 lq ozBASF  -Cleveland - -
Water 990080  *WATER 33.0 galCentral Concrete-Central Concrete 1.00 4.41

Yield 3896 -- 27.00lb
Air Content 3.00 %        -- 0.81
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Figure A- 11. Concrete mixture batch ticket with actual weights 
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APPENDIX B.  AS-BUILT SPECIMEN DRAWINGS 
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APPENDIX C.  ADDITIONAL SPECIMEN DESIGN 
CALCULATIONS 

Detailed calculations of the specimen connection strengths are shown in section in the main body 
of the text. All other calculations of considered failure modes are shown below. Table C- 1 shows 
the factor of safety for all considered failure modes in increasing order. 
 
Table C- 1. Summary of considered limit states and the factor of safety versus column yielding 

 
 



112 

 

 



113 

 



114 

 



115 

 



116 

 



117 

 



118 

 



119 

 



120 

 



121 

 



122 

 



123 

 



124 

 



125 

 



126 

 



127 

 



128 

 



129 



130 

 



131 

 



132 

 
 



133 

 



134 

 



135 

 



136 

 



137 

 



138 

 



139 

 



140 

  



141 

APPENDIX D. CHANNEL LIST 

Table D- 1. Channel list for moment transfer test M02 

Number Address Type Name Description Unit 
1 0-2-0 Load Cell LC-N 

South Actuator 
Force 

2 0-2-1 Disp. 
Transducer Disp-N Disp 

3 0-2-2 Load Cell LC-S 
North Actuator 

Force 

4 0-2-3 Disp. 
Transducer Disp-S Disp 

5 0-2-4 String 
Potentiometer WP1 Column Disp (E-W) Disp 

6 0-2-5 String 
Potentiometer WP2 Column Disp (N-S) Disp 

7 0-2-6   NA  

8 0-2-7   NA  

9 0-3-0 Strain Gauge T1 

Top longitudinal strain gages from 
West to East #6G100 

Strain 
10 0-3-1 Strain Gauge T2 Strain 
11 0-3-2 Strain Gauge T3 Strain 
12 0-3-3 Strain Gauge T4 Strain 
13 0-3-4 Strain Gauge T5 Strain 
14 0-3-5 Strain Gauge B1 

Bottom longitudinal strain gages 
from West to East #6G100 

Strain 
15 0-3-6 Strain Gauge B2 Strain 
16 0-3-7 Strain Gauge B3 Strain 
17 0-4-0 Strain Gauge B4 Strain 
18 0-4-1 Strain Gauge B5 Strain 
19 0-4-2 Strain Gauge A1N 

Anchor strain gages (A - (Anchor 
#) - (North or South) 

Strain 
20 0-4-3 Strain Gauge A1S Strain 
21 0-5-0 Strain Gauge A2N Strain 
22 0-4-5 Strain Gauge A2S Strain 
23 0-4-6 Strain Gauge A3N Strain 
24 0-4-7 Strain Gauge A3S Strain 
25 0-6-0 Strain Gauge A4N Strain 
26 0-6-1 Strain Gauge A4S Strain 
27 0-6-2 Strain Gauge A5N Strain 
28 0-6-3 Strain Gauge A5S Strain 
29 0-6-4 Strain Gauge A6N Strain 
30 0-6-5 Strain Gauge A6S Strain 
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Number Address Type Name Description Unit 
31 0-6-6 Strain Gauge A7N 

Anchor strain gages (A - (Anchor 
#) - (North or South) 

Strain 
32 0-6-7 Strain Gauge A7S Strain 
33 0-7-0 Strain Gauge A8N Strain 
34 0-7-1 Strain Gauge A8S Strain 
35 0-7-2 Strain Gauge 1R1 

Shear reinf. Strain gages ((Ring #) 
- R (bar # counterclockwise)) 

Strain 
36 0-7-3 Strain Gauge 1R2 Strain 
37 0-7-4 Strain Gauge 2R1 Strain 
38 0-7-5 Strain Gauge 2R2 Strain 
39 0-7-6 Strain Gauge 2R3 Strain 
40 0-7-7 Strain Gauge 2R4 Strain 
41 0-8-0 Strain Gauge 2R5 Strain 
42 0-8-1 Strain Gauge 2R6 Strain 
43 0-8-2 Strain Gauge 3R1 Strain 
44 0-8-3 Strain Gauge 3R2 Strain 
45 0-8-4 Strain Gauge 3R3 Strain 
46 0-8-5 Strain Gauge 3R4 Strain 
47 0-8-6 Strain Gauge 3R5 Strain 
48 0-8-7 Strain Gauge 3R6 Strain 
49 0-9-0 Strain Gauge 3R7 Strain 
50 0-9-1 Strain Gauge 3R8 Strain 
51 0-9-2 Strain Gauge 3R9 Strain 
52 0-9-3 Strain Gauge 3R10 Strain 
53 0-9-4 Strain Gauge 4R1 Strain 
54 0-9-5 Strain Gauge 4R2 Strain 
55 0-9-6 Strain Gauge 4R3 Strain 
56 0-9-7 Strain Gauge 4R4 Strain 
57 0-10-0 Strain Gauge 4R5 Strain 
58 0-10-1 Strain Gauge 4R6 Strain 
59 0-10-2 Strain Gauge 4R7 Strain 
60 0-10-3 Strain Gauge 5R1 Strain 
61 0-10-4 Strain Gauge 5R2 Strain 
62 0-10-5 Strain Gauge 5R3 Strain 
63 0-10-6 Strain Gauge 5R4 Strain 
64 0-10-7 Strain Gauge 5R5 Strain 
65 0-11-0 Strain Gauge 5R6 Strain 
66 0-11-1 Strain Gauge 5R7 Strain 
67 0-11-2 Strain Gauge 5R8 Strain 
68 0-11-3 Strain Gauge 5R9 Strain 
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Number Address Type Name Description Unit 
69 0-11-4   NA  

70 0-11-5   NA  

71 0-11-6   NA  

72 0-11-7   NA  

73 0-12-0 Linear 
Potentiometer N1 Base plate vertical disp - West Disp 

74 0-12-1 Linear 
Potentiometer N2 Base plate vertical disp - East Disp 

75 0-12-2 Linear 
Potentiometer N3 Top surface W-E Disp 

76 0-12-3 Linear 
Potentiometer N4 

Top surface W-E and N-S 

Disp 

77 0-12-4 Linear 
Potentiometer N5 Disp 

78 0-12-5 Linear 
Potentiometer N6 Disp 

79 0-12-6 Linear 
Potentiometer N7 Disp 

80 0-12-7 Linear 
Potentiometer N8 Disp 

81 0-13-0 Linear 
Potentiometer N9 Disp 

82 0-13-1 Linear 
Potentiometer N10 Disp 

83 0-13-2 Linear 
Potentiometer N11 Disp 

84 0-13-3 Linear 
Potentiometer N12 Disp 

85 0-13-4 Linear 
Potentiometer N13 Disp 

86 0-13-5 Linear 
Potentiometer N14 Sliding on West side, small 

support relative to floor Disp 

87 0-13-6 Linear 
Potentiometer N15 Sliding on West side, specimen 

relative to floor Disp 

88 0-13-7 Linear 
Potentiometer N16 Sliding on East side, large support 

relative to floor Disp 

89 0-14-0 Linear 
Potentiometer N17 Siding East side, specimen relative 

large support Disp 

90 0-14-1   NA  

91 0-14-2   NA  

92 0-14-3   NA  

93 0-14-4   NA  

94 0-14-5   NA  

95 0-14-6   NA  
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Number Address Type Name Description Unit 
96 0-14-7   NA  

97 0-15-0 Load Cell LC1 

Load cell on anchors (Number 
from North to South then West to 

East) 

Force 
98 0-15-1 Load Cell LC2 Force 
99 0-15-2 Load Cell LC3 Force 

100 0-15-3 Load Cell LC4 Force 
101 0-15-4 Load Cell LC5 Force 
102 0-15-5 Load Cell LC6 Force 
103 0-15-6 Load Cell LC7 Force 
104 0-15-7 Load Cell LC8 Force 
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APPENDIX E. INSTRUMENTATION 

 

Figure E- 1. Instrumentation elevation view cut A-A 
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Figure E- 2. Instrumentation elevation view cut B-B 

 

Figure E- 3. Plan view linear potentiometers 
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Figure E- 4. Elevation view linear potentiometers 

 

Figure E- 5. Strain gages on anchors 
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Figure E- 6. Anchor load cells 

 

Figure E- 7. Strain gages location on shear reinforcing 
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Figure E- 8. Strain gages location on anchors 

 

Figure E- 9. Strain gages on shear reinforcing 

 

 

Figure E- 10. Fiber optics cable placement 
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Figure E- 11. Fiber optics cable placement 
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APPENDIX F. PHOTOGRAPHS 
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Figure F- 1. Specimen M02 post test 
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Figure F- 2. Strain gages on anchors 
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Figure F- 3. Anchor fixture 
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Figure F- 4. Anchor fixture 
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Figure F- 5. Anchor fixture showing foam mold for shear lug hole 
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Figure F- 6. Strain gages on shear reinfrocement 
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Figure F- 7. Strain gages on reinfrocement 
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Figure F- 8. Form building 
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Figure F- 9. Form building 



 161 

 

Figure F- 10. Cage building 
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Figure F- 11. Cage building and anchor fixture 
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Figure F- 12. Cage building and anchor fixture 
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Figure F- 13. Cage building and anchor fixture 
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Figure F- 14. Cage building and anchor fixture 
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Figure F- 15. Placement of fiber optics cables  



 167 

 

Figure F- 16. Placement of fiber optics cables  
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Figure F- 17. Placement of fiber optics cables  
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Figure F- 18. Form before casting concrete  
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Figure F- 19. Fracture energy forms before casting concrete  
 



 171 

 

Figure F- 20. Form before casting concrete  
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Figure F- 21. Form before casting concrete  
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Figure F- 22. Form before casting concrete  
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Figure F- 23. Form before casting concrete  
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Figure F- 24. Form before casting concrete  
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Figure F- 25. Form before casting concrete  
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Figure F- 26. Form before casting concrete  
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Figure F- 27. Form before casting concrete  
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Figure F- 28. Form before casting concrete  
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Figure F- 29. Form before casting concrete  
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Figure F- 30. Form before casting concrete  
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Figure F- 31. Form before casting concrete  
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Figure F- 32. Concrete slump test  
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Figure F- 33. Casting concrete  
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Figure F- 34. Casting concrete  
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Figure F- 35. Casting concrete  
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Figure F- 36. Casting concrete  



 188 

 

Figure F- 37. Casting concrete  
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Figure F- 38. Casting concrete  
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Figure F- 39. Casting concrete  
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Figure F- 40. Casting concrete  
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Figure F- 41. Casting concrete  
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Figure F- 42. Casting concrete  
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Figure F- 43. Casting concrete  
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Figure F- 44. Casting concrete  
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Figure F- 45. Casting concrete  
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Figure F- 46. Casting concrete  
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Figure F- 47. Casting concrete  
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Figure F- 48. Curing specimen with burlap  
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Figure F- 49. Curing specimen and cylinders with burlap and plastic 
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Figure F- 50. Removing plywood anchor molds  
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Figure F- 51. Fracture energy beams in fog room 
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Figure F- 52. Removing formwork 
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Figure F- 53. Moving specimen with crane 
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Figure F- 54. Moving specimen with crane 



 206 

 

Figure F- 55. Moving specimen with crane 
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Figure F- 56. Moving specimen with crane 
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Figure F- 57. Specimen placed on concrete supports 
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Figure F- 58. Specimen placed on concrete supports 
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Figure F- 59. Fracture energy beams in lime pool in fog room 
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Figure F- 60. Hole left by foam mold for shear lug 
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Figure F- 61. Column hydrostoned to specimen 
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Figure F- 62. Column hydrostoned to specimen 
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Figure F- 63. Column hydrostoned to specimen and anchor load cells in place 
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Figure F- 64. Connecting instruments to data acquisition system 
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Figure F- 65. Modification to column-actuator attachment 
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Figure F- 66. Modification to column-actuator attachment 
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Figure F- 67. Modification to column-actuator attachment 
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Figure F- 68. Modification to column-actuator attachment 
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Figure F- 69. Instrumentation frame to attach linear potentiometers to measure vertical 
displacements 



 221 

 

Figure F- 70. Camera placement 
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Figure F- 71. Camera placement 
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Figure F- 72. Attaching actuators on test day 
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Figure F- 73. Base plate during test 
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Figure F- 74. Documenting cracks during test 
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Figure F- 75. Slab plan view after removing column 
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Figure F- 76. Yielding of washers on top of anchor load cells post test 
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Figure F- 77. Cutting cross sections 
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Figure F- 78. Cutting cross sections 
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Figure F- 79. Cutting cross sections 
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Figure F- 80. Cutting cross sections 
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Figure F- 81. Cutting cross sections 
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Figure F- 82. Cutting cross sections 
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Figure F- 83. Testing shear reinfrocing bars with 2” gage extensometer 
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Figure F- 84. Fracture energy tests 
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Figure F- 85. Fracture energy tests 
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Figure F- 86. Fracture energy tests 
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Figure F- 87. Fracture energy tests 
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Figure F- 88. Fracture energy tests 
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Figure F- 89. Fracture energy tests 
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Figure F- 90. Fracture energy tests 
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Figure F- 91. Fracture energy tests 
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Figure F- 92. Fracture energy tests 

 

 

 




