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Moment Transfer at Column-Foundation Connections:

Physical Tests

by Benjamin L. Worsfold, Jack P. Moehle, and John F. Silva

Steel and precast columns are commonly designed to transfer
moment loads to concrete foundations through cast-in-place
headed anchors. In design office practice in the United States,
connection strength has been evaluated considering mechanisms
emphasizing joint shear, strut-and-tie modeling, and anchoring to
concrete. For any given connection, the strengths calculated with
these three methods can differ by a wide margin. The application
of these methods, including possible enhancements that improve
strength estimates, is described. Laboratory tests were performed
to provide benchmark physical data to determine the applica-
bility of various design methods. The test specimens consisted of
full-scale interior steel-column-to-concrete-foundation connec-
tions located away from foundation edges, with details typical
of current construction practice on the West Coast of the United
States. Strength in both tests was governed by concrete breakout
failure. Strategically placed reinforcement increased the strength
and displacement capacity of anchored connections governed by
breakout. Design recommendations are provided.

Keywords: anchoring to concrete; beam-column joint; breakout;
column-foundation connections; shear reinforcement; strut-and-tie; supple-
mentary reinforcement.

INTRODUCTION

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. This
paper describes three moment transfer models that have
been considered by practicing structural engineers for
steel columns anchored to foundations using cast-in-place
anchors. These are: 1) anchoring-to-concrete provisions
(for example, ACI 318-19, Chapter 17 [ACI Committee 318
2019]); 2) strut-and-tie modeling (for example, ACI 318-19,
Chapter 23); and 3) joint-shear design provisions (for
example, ACI 352R-02 [ACI Committee 352 2002]). For
any given connection, the strengths calculated with these
three methods can differ by a large margin.

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 connec-
tion 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% fractile value. These measures may allow

ACI Structural Journal/September 2022

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.

Two full-scale interior steel-column-to-concrete-founda-
tion connections located away from foundation edges were
constructed and tested under reversed-cyclic lateral loading
to better understand the failure mechanisms and design
requirements. One of the test specimens was constructed
without transverse reinforcement in the foundation, while
the other test specimen had transverse reinforcement to
increase strength and deformation capacity. Design recom-
mendations are made based on the test results.

LITERATURE REVIEW

Fuchs et al. (1995) proposed the Concrete Capacity Design
(CCD) method as a simplified model for calculating the
peak breakout strength of anchors or anchor groups in plain
concrete. This method forms the basis for many modern
building codes, including ACI 318 and EN 1992-4 (2018).
Tests have shown that the breakout force does not increase
linearly with the size of the failure area (Ozbolt et al. 1999).
This phenomenon is attributed to the size effect in concrete
fracture (Eligehausen et al. 1992; Bazant 2000) and is incor-
porated into the CCD method by modifying the exponent on
the effective depth. If the size effect is not considered, the
breakout strength predicted for anchors with larger embed-
ment may be unconservative.

Tests on anchors in cracked concrete tend to result in lower
breakout strengths and lower stiffnesses than anchors tested
in so-called uncracked concrete (Eligehausen et al. 2006).
Eligehausen and Balogh (1995) report that preexisting cracks
extending through the full anchor depth with a uniform crack
width between 0.3 to 0.4 mm can reduce tension capacity
governed by concrete breakout by approximately 25%
(headed and undercut anchors) or 35% (torque-controlled
expansion anchors) compared to the uncracked conditions.
These researchers recommend that, in general, the design of
anchors should assume the cracked condition.

ACI 352R-02 describes recommendations for designing
monolithic beam-column connections for structural frames.
The geometry and force flow of a column-foundation

ACI Structural Journal, V. 119, No. 5, September 2022.
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Fig. I—Moment transfer between steel wide-flange column and reinforced concrete foundation.

connection can be thought of as similar to a roof connec-
tion confined on all four sides. Therefore, some engineers
use the ACI 352R-02 recommendations for the design of
column-foundation connections.

Tanaka and Oba (2001) tested six concrete
column-foundation connections comparing columns
anchored with cast-in bent-out hooks and post-installed
bonded reinforcing bars. Specimens governed by concrete
cone failure show low displacement capacity and pinched
hysteresis loops. The researchers also noted that the embed-
ment of post-installed reinforcing bars required to avoid
breakout failure was less than the prescribed development
lengths.

Based on 16 full-scale column-foundation connection
specimens and analytical simulations, Mahrenholtz et al.
(2014) propose a design method that enhances the ACI
318-19 (ACI Committee 318 2019) breakout strength equa-
tions. Two modification factors are proposed to consider:
1) the degradation due to cyclic loading; and 2) the benefi-
cial effect of the column flexural compressive force, which
constrains the formation of the traditional breakout cone (as
proposed by Herzog [2015]).

Multiple researchers have investigated the beneficial
effect of different reinforcement configurations on anchor
behavior. Sharma et al. (2017a,b) described a series of phys-
ical tests of anchor groups with so-called supplementary
reinforcement under tensile loads or shear loads toward an
edge. They showed that relatively small amounts of rein-
forcement increase anchor group strength and displacement
capacity. Based on finite element simulations (Nilforoush
et al. 2017) and physical experiments (Nilforoush et al.
2018), a modification factor was proposed to consider the
beneficial effect of surface reinforcement on breakout
failure. However, no additional benefit was observed for
surface reinforcement ratios above 0.3%. Papadopoulos et
al. (2018) investigated headed reinforcing bars in column-
slab connections for bridges. They demonstrated that shear
reinforcement in the form of J-bars inside the joint and
stirrups outside the joint prevented breakout failure and
punching of the heads through the far side of the slab. The
first row of stirrups outside the joint improved the behavior
of the connection, while additional rows seemed to have no
effect. The results led to detailing recommendations adopted
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by the California Department of Transportation (Caltrans) in
MTD 20-7 (Caltrans 2016).

RESEARCH SIGNIFICANCE

Full-scale laboratory tests of column-foundation connec-
tions with cast-in-place headed anchors focusing on the
concrete failure modes are scarce, particularly for deep
anchors where /.,> 10 in. (250 mm). This project also inves-
tigates the influence of distributed reinforcing bars across the
breakout failure zone. This research project provides bench-
mark physical data and evaluates alternate design methods.

FORCE TRANSFER AT COLUMN-FOUNDATION
CONNECTIONS

Figure 1 illustrates an idealized case of a steel column
transferring pure moment (no shear or axial loads) into a
reinforced concrete foundation through a base plate and
anchor bolts. In Fig. 1(a), it is assumed that there are two
lines of bolts, one on each side of the column. The moment
is resisted by a tension-compression couple, as shown in
Fig. 1(b). The tensile force 7'is resisted directly by the line of
anchor bolts on the left side of the connection. The compres-
sive force C is resisted by compression between the base
plate and the grout-concrete interface. In a typical founda-
tion, these actions are transferred into the foundation, which,
in turn, transfers them to the surrounding soil and foundation
elements.

A fundamental design question is: “How is the
tension-compression couple formed by 7 and C resolved in
the concrete in the immediate vicinity of the applied forces,
and how should the connection be assessed for structural
adequacy?” The following three design options are consid-
ered herein:

1. Design the connection using current design rules for
beam-column joints.

2. Design the connection using a strut-and-tie model.

3. Design the connection considering anchoring-to-concrete
provisions.

The following text considers each of these connection
design options in turn. Moment transfer is assumed to be due
to earthquake effects, which will dictate some of the strength
and detailing requirements.

ACI Structural Journal/September 2022



T C

4

e —=1—
o=

—Strut

a) Beam-column joint model

Fig. 2—Column-foundation connection models.

DESIGN AS BEAM-COLUMN JOINT

In this approach, the connection is designed as a beam-
column joint following ACI 318-19 or ACI 352R-02 provi-
sions. The joint is defined as the volume of concrete bounded
by the depth of the foundation vertically and a horizontal
area within the effective bearing area of the base plate. This
joint is assumed to transfer horizontal joint shear through a
diagonal strut, as shown in Fig. 2(a). Transverse reinforce-
ment is provided following ACI 318-19 or ACI 352R-02
provisions to confine the joint and thereby improve its ability
to transmit joint shear under load and deformation reversals.
Nominal joint shear strength is defined as

v, =vJf/4, (1)

where vy is the joint shear strength coefficient dependent on
joint geometry and loading; .’ is the concrete compressive
strength; and A4; is the cross-sectional area of a horizontal
plane through the joint. The joint shear strength coefficient
is taken as y = 15 for psi units (1.2 for SI units) by consid-
ering the joint to have all four vertical faces confined and a
discontinuous column subjected to lateral loading resulting
from ground motion.

DESIGN BY STRUT-AND-TIE METHOD

The strut-and-tie method was developed for regions near
geometric discontinuities and points of load application,
including beam-column joints. Figure 2(b) illustrates a
possible model for the application of the strut-and-tie method,
including nodal zones, struts, and ties that are in equilibrium
with the forces external to the discontinuity region. To facil-
itate effective nodal zone development, the anchor bolts may
need to extend below the flexural tension-compression zone
at the bottom of the foundation and be equipped with plate
washers at the ends of the anchor bolts. This extension of
the anchor bolts may be impractical from a construction
perspective because concrete cover requirements would
require thickening the foundation, either globally or locally,
with associated cost implications. In a typical application,
the discontinuity region might be designed to develop the
full tensile strength of the anchor bolts on one side of the
joint, with plate washers sized to keep stresses for nodal
zones and struts within acceptable limits. According to ACI
318-19, the nominal axial compressive strength of a strut is
given by

ACI Structural Journal/September 2022
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where . = 1.0 because there is no adjacent bearing surface;
Bs=10.75 for beam-column joints; and 4., is the cross-sectional
area at the end of the strut under consideration. The nodal
zone at the lower left is anchoring two ties and one strut,
making it a compression-tension-tension (C-T-T) node, so
its strength is given by

an = 0'85BL'BVIf(;'AnZ (3)

where B, = 0.60 for beam-column joints; and 4,. is the
area of each face of the nodal zone. ACI 318-19, Section
23.11, specifies an additional factor for regions of a seismic
force-resisting system assigned to Seismic Design Category
D, E, or F. However, if the forces are limited by the yielding
of the tension anchor, the additional factor is 1.0.

DESIGN USING ANCHORING-TO-CONCRETE
PROVISIONS

The ACI 318-19 provisions for anchoring to concrete
include equations to calculate concrete breakout failure, in
this case, characterized by cracks initiating at the bearing
heads of the tension-loaded anchors and propagating toward
the concrete surface at an angle of approximately 34 degrees
(1.5:1) from the horizontal, as shown in Fig. 3. This failure
mode is recognizable by the appearance of a circular fracture
pattern at the concrete surface and the subsequent pyramidal
volume of detached concrete. According to ACI 318-19, for
a group of anchors, the nominal breakout strength is given
by

A
N = e \Pec,N‘Ped,Nch,NlPCp,NN b (4)

chg

Nco
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where Ay./Ane, 18 the projected concrete failure area for the
anchor group divided by the failure area for a single anchor;
Y, v is the breakout eccentricity factor; ., v is the breakout
edge-effect factor; . y is the breakout cracking factor; W, v
is the splitting modification for post-installed anchors; and
N, is the 5% fractile basic concrete breakout strength of a
single anchor

N, =24Jf’h? (if hy<11in.) (Ib, in.)

)
N, =10y/f/B (if h,<0.28 m) (SI)

N, =16[//h3% (if 11 in. < =< 25 in.) (Ib, in.)

N, =3.9[f/h (if 0.28 m < ;< 0.64 m) (SI)
where 4,/ is the depth to the bearing surface of the anchor
bolt. For this case, .oy = Wean = WPepv = 1.0. A value of
W.y= 1.0 should be used if the concrete foundation element
is expected to exhibit cracking under service loads near
the anchors; otherwise, ¥,y = 1.25. Shallow foundations
subjected to large anchor forces associated with seismic
demands may develop flexural stresses that exceed the
modulus of rupture and, as such, could be considered cracked
for anchor design. However, in cases where the anchor
bearing surface is located well below the neutral axis, as
shown in Fig. 3, the effect of cracking on the anchor breakout
strength of a headed bolt is likely to be marginal. For this
reason, ACI 318-19, Section 17.10.5.4, specifically permits
consideration of the uncracked concrete state, “where it can
be demonstrated that the concrete remains uncracked.” It
seems reasonable to apply this exception here.

Figure 3 illustrates that, for some connection geome-
tries, the flexural compression force resultant C may bear
against the failure cone such that the breakout failure will be
constrained. This constraint has been observed to increase
the breakout strength (Mahrenholtz et al. 2014; Herzog
2015). EN 1992-4:2018 accounts for this effect by incorpo-
rating an additional factor in the breakout force calculation

z

\PMZZ_I. 6/21.0 @)
where the variable z is the distance between the tensile and
compressive resultants (Fig. 3). This effect is not considered
in ACI 318-19.

According to ACI 318-19, the nominal strength for an
anchor or anchor group is intended to correspond to a 5%
fractile of the measured strengths. This design basis is in
sharp contrast with the design for other actions covered in
the Code, where the nominal strength is intended to corre-
spond more closely with a mean or median strength. To
convert a 5% fractile value to a median value, one may
assume measured strengths follow a normal distribution
with a covariance of 0.15 (Fuchs et al. 1995). The modi-
fication factor (f,...,) can be calculated using the standard
normal distribution z-value for a 5% fractile, z = —1.645
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Table 1—Concrete properties of foundation slab
for both specimens

Specimen MOl MO02
1, psi (MPa) 3700 (25.5) 3930 (27.1)
E, ksi (GPa) 3470 (23.9) 3610 (24.9)
fi» psi (MPa) 380 (2.62) 438 (3.02)
Gy, Ib/in. (N/m) 0.310 (54.3) 0.896 (157)
Los Angeles abrasion test, 3/4 in. 21% 21%
(19 mm) aggregate
1 1
Snean 133 (8)

T1+z-COV  1+(-1.645)-0.15

OBSERVATIONS FROM LABORATORY TESTS

Two full-scale column-foundation connection tests were
carried out to gain insights into the different design methods
described previously and the influence of reinforcing bars
on breakout failure. The test specimens comprised a steel
wide-flange column connected to a foundation slab by cast-
in-place anchor bolts (refer to Fig. 4 to 7). The column was
subjected to reversed-cyclic lateral loads with no additional
axial load other than self-weight. Worsfold and Mochle
(2019, 2022) provide detailed descriptions of the test speci-
mens and experimental results for Specimens M01 and M02,
respectively.

Test specimen design—Specimen MO1

Test Specimen M0O1 was designed so that strength would
be limited by the failure of the concrete foundation in the
connection region. The steel column (W12x106 ASTM A992
Grade 50) was welded to a 2-3/4 in. (70 mm) thick base plate
(ASTM A529 Grade 50) witha 5.25x 5.25x 2 in. (133 x 133
x 50 mm) shear lug (ASTM A529 Grade 50) and a 0.75 in.
(19 mm) layer of non-shrink grout. Four 1-1/2 in. (38 mm)
diameter anchor bolts (ASTM F1554 Grade 105) with heavy
hex nuts as heads were cast into the 18 in. (457 mm) thick
foundation on each side of the column with an effective
embedment depth from the top of the slab to the bearing
surface equal to 14.3 in. (363 mm). Note that this embed-
ment depth does not place the bearing surface of the nuts
below the slab flexural reinforcement as may be required by
some strut-and-tie models (refer to Fig. 2(b)). The bearing
area of each heavy hex nut was 2.6 in.? (1690 mm?).

The foundation slab was designed to resist the shear and
moment resulting from developing the column moment
yield strength. The normalweight concrete had a nominal
maximum aggregate size of 3/4 in. (19 mm) and a measured
a compressive strength of 3700 psi (25.5 MPa) on test day.
The compressive strength (f."), modulus of elasticity (), and
tensile capacity (f;) were measured from 6 x 12 in. (152 x
305 mm) concrete cylinders (refer to Table 1). The fracture
energy (Gy) was measured with three-point bending tests
following RILEM recommendations TC 8§9-FMC 2 (RILEM
TC 89 1994). Refer to Worsfold and Moehle (2019) for
further details on measured material properties, including
stress-strain curves for concrete and reinforcing bars. Slab
flexural reinforcement was sized assuming nominal yield
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G105 [G724] G105 [G724]
6.00" [150 mm]
F 6' [1830 mm] ——————————{=-2' [610 mm] 6'[1830 mm] |

Fig. 5—Specimen MOI plan view.

strength f, = 60,000 psi (420 MPa). However, Grade 100
(690 MPa) reinforcement was substituted to guard against
yielding in case unexpected overloads or localized stress
concentrations occurred. The joint was confined with five
No. 4 (@13 mm) Grade 60 (420 MPa) hoops, consistent with
the requirement of ACI 352R-02 for beam-column joint
confinement, as well as requirements for distributed strut
reinforcement from the ACI 318-19 strut-and-tie method.
The steel column was subjected to quasi-static
reversed-cyclic lateral load applied at an elevation H = 7 ft
8 in. (2.34 m) above the top of the foundation slab in the
strong direction of the column (east-west). Each load step
involved two load cycles to a given drift ratio in the positive
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and negative directions. The test was paused when each new
displacement goal was reached to document cracking. Axial
load was limited to self-weight as this is a critical case for
breakout failure, which simplifies the testing apparatus.

The slab was simply supported at the ends where it was
post-tensioned to bearing pads located 6 ft (1.83 m) from the
center of the column to provide sliding and overturning resis-
tance. Note that these support conditions are different from
those in a soil-supported foundation. The selected boundary
conditions simplify the test and the interpretation of the test
results and are unlikely to affect the breakout failure mode
observed for the test specimen. Figure 8 shows a photograph
of the test setup.
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Fig. 7—Specimen M02 plan view.

Figure 9 summarizes the instrumentation for Specimen
MO1. A load cell was placed on each of the eight anchors.
Thirty-three strain gauges were placed on the longitudinal
reinforcement as shown. Two hoops were instrumented with
a strain gauge at the midspan of each leg for a total of eight
gauges. Two wire pots measured the column displacements
at the elevation of the point of lateral force application in the
north-south and east-west directions. Twenty-two vertical
linear potentiometers measured the top surface displacement
of the concrete slab and the base plate. Additional linear
potentiometers monitored the sliding of the specimen and
reaction blocks.
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Test results—Specimen MO1

Figure 10 shows the relationship between the column drift
ratio and the force applied to the column free end. The drift
ratio is defined as the displacement at the point of lateral
force application divided by the height from the slab surface
to the point of the force application. The initial relation-
ship is nearly linear up to a lateral force approaching 50 kip
(222 kN) in each loading direction, after which resistance
increased only gradually with increasing displacement. The
departure from nearly linear behavior was accompanied by
flexural cracking in the slab and radial cracking along the
top surface of the slab emanating from the anchor rods. The
hysteresis loops show a pinching behavior.
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Fig. 8—Test setup for both test specimens.

Figure 11 plots the relationship between the column drift
ratio and the force in the anchor groups as measured by
the load cells on each anchor. The east anchor group failed
first during load step nine at a peak anchor group force of
249 kip (1070 kN) and a drift ratio of 1.5%. The west anchor
group failed during the next load step (step 10) at a peak
anchor group force of 266 kip (1080 kN) and a drift ratio
of 2.1% (refer to Table 2). The anchor group failures were
sudden and displaced a cone-shaped segment of concrete
(refer to Fig. 12). After breakout failures, additional load-
ings show connection strength of approximately 50% of the
peak strength in either direction (refer to Fig. 10). The first
breakout failure did not seem to impact the strength of the
second breakout failure as the peak forces in both directions
were similar.

Figure 13 plots the column drift ratio against time and
subdivides the drift ratio into contributions from the slab
rotation, the relative base plate rotation, and the elastic
column deflections due to moment and shear. The displace-
ments due to the slab and the base-plate rotation are calcu-
lated based on displacements measured with the vertical
linear potentiometers on the top surfaces. The column elastic
deflection is calculated with elastic theory knowing the
force applied to the column free end. Initially, most of the
displacement is due to the elastic deformation of the column
and the rotation of the base plate. Extension of the anchors is
the major contributor to the base-plate rotation. As damage
progresses in the concrete, the contribution of the slab rota-
tion increases, while the contribution of the elastic column
decreases. After the breakout failures, the displacement due
to elastic column deflection decreases (due to the reduced
force) and the slab rotation increases because the breakout
cones displace like rigid objects.

Figure 14 plots the strains in each leg of a top and a bottom
hoop against the column drift ratio (refer to the strain gauge
and hoop location in Fig. 9). The strains in the bottom hoop
did not exceed 50% of the yield strain. In the top hoop, only
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the legs that crossed the concrete cone failure planes show
appreciable strain; that is, the legs in the east-west direc-
tion (H6 and HS). A “V” shape is observed as loading in
both directions causes tensile strains in the hoops, which is
expected.

Surface cracks indicated that the breakout cones were
asymmetric with a steeper slope toward the interior of the
joint (refer to Fig. 12). This cone geometry is attributed
to the suppression of the unconstrained breakout surface
because of flexural compression at the opposite side of the
joint, as shown in Fig. 3. During the test, the longitudinal
reinforcing bars and anchors remained in the elastic range.
The bottom surface of the foundation slab showed minimal
cracking. The anchors did not punch through the bottom of
the slab. There was no evidence of joint crushing or joint
dilation, as might be expected if there had been a beam-
column joint failure.

Test specimen design—Specimen M02

Test Specimen M02 was designed so that strength would
be limited by the failure of the concrete in the connection
region. The steel column and base-plate fixture from the
previous specimen were reused. Four 1-1/2 in. (38 mm)
diameter anchor bolts (ASTM F1554 Grade 105) with
1.25 x 3.5 x 3.5 in. (32 x 89 x 89 mm) ASTM A36 steel
plate washers were cast into the 18 in. (457 mm) thick foun-
dation on each side of the column with an effective embed-
ment depth from the top of the slab to the bearing surface of
the plate washers equal to 14.3 in. (363 mm). The bearing
plate was sized to keep the bearing stress below ACI 318-19
limits (Section 17.6.3.2.2). The bearing area of each plate
was 9.8 in.? (6350 mm?).

The foundation slab was designed to resist the shear and
moment resulting from developing the column moment yield
strength. The same concrete mixture design was used as for
the previous specimen. On test day, the measured compres-
sive strength was 3930 psi (27.1 MPa). Other measured
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Fig. 9—Instrumentation as seen on east-west cut Specimen M01.
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Fig. 10—Relationship between column drift ratio and force
applied to column free end for both test specimens.

material properties are shown in Table 1. The fracture energy
(Gy) was measured with three-point bending tests following
RILEM recommendations TC 50-FMC 1 (RILEM TC 50
1985). Refer to Worsfold and Moehle (2022) for further
details on measured material properties, including stress-
strain curves for concrete and reinforcing bars. Slab flexural
reinforcement was sized assuming nominal yield strength
Jy = 60,000 psi (420 MPa). However, Grade 100 (690 MPa)
reinforcement was substituted to guard against yielding in
case unexpected overloads or localized stress concentra-
tions occurred. The shear reinforcement consisted of vertical
No. 4 Grade 60 ASTM A706 bars (@13 mm Grade 420) in
an 8 x 8 in. (203 x 203 mm) grid with 180-degree hooks on
the top and heads on the bottom (refer to Fig. 6). The hook
hung from the intersections of the longitudinal reinforcing
mat and the head at the bottom was tied below the longi-
tudinal steel. The shear reinforcement extended two rows
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Fig. 11—Relationship between column drift ratio and force
in anchor groups for both specimens.

farther on the west side than on the east side of the slab. No
hoops were placed around the anchors.

The test setup for Specimen M02 was identical to Spec-
imen MOl and was loaded in the same manner. The test
was paused after each new displacement goal was reached
to document cracking. Instrumentation similar to that of
Specimen MO1 was augmented by including strain gauges
applied at the midheight of 34 of the shear reinforcing bars.

Test results—Specimen M02

Figure 10 shows the relationship between the column drift
ratio and the force applied to the column free end. The initial
relationship is nearly linear up to a lateral force approaching
50 kip (222 kN) in each loading direction, after which the
force reached a plateau at approximately 80 kip (356 kN) in
both directions. The departure from nearly linear behavior
was accompanied by flexural cracking in the slab and radial
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Table 2—Peak measured forces and drift ratios

Peak anchor group force, | Peak column lateral force,
Anchor group kip (kN) kip (kN) Drift ratio at yield, DR,, % Drift ratio at max force, DR;,, %
MO, east (failed first) 240 (1070) 52.3(233) 1.1 1.5
MO1, west (failed second) 266 (1180) 53.8 (239) 1.1 2.0
MO2, east 452 (2010) 91.1 (405) 0.9 43
MO02, west 446 (1980) 82.2 (366) 1.0 6.0

Note: For Specimen M02, yield drift ratio was taken as maximum drift ratio during load step seven. Drift ratio at failure was taken as drift ratio at maximum anchor force.

West Breakout Cone
(Formed during cycle 10
@ drift ratio = 2.1%)

East Breakout Cone
(Formed during cycle
—| 9 @ drift ratio = 1.5%)

Fig. 12—Idealized cone geometry shown in elevation and observed cone geometry intersecting top surface in plan view, with
12 x 12 in. (305 x 305 mm) grid Specimen MO1.
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Fig. 13—Column drift ratio subdivided into contributions from slab rotation, relative base-plate rotation, elastic column deflec-
tion, column shear deflection, and experimental error versus time, Specimen M01.

cracking along the top surface of the slab emanating from the
anchor rods. With a larger reinforced region, the west anchor
group showed no drop in strength up to approximately a
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6% drift ratio. In contrast, with a smaller reinforced region,
the east anchor group began to lose strength after approxi-
mately a 4% drift ratio. The hysteresis loops show pinching.
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Fig. 14—Strains at midpoint of each leg of bottom and top hoops plotted against column drift ratio. Refer to strain gauge

location in Fig. 9. Specimen MO1.

Figure 11 plots the relationship between the column drift
ratio and the force in the anchor groups as measured by
the load cells on each anchor. Each anchor group failed by
displacing a cone-shaped segment of concrete (refer to Fig.
15). The anchor group failure occurred more gradually than
for Specimen MO1. The peak force in the east group was 452
kip (2010 kN) and occurred at a drift ratio of 4.3%. The peak
force in the west group was 446 kip (1980 kN) and occurred
at a drift ratio of 6.0%.

Figure 16 plots the column drift ratio against time and
subdivides the drift ratio into contributions from the slab rota-
tion, the relative base-plate rotation, and the elastic column
deflections due to moment and shear. The calculations were
done in the same manner as for Specimen MO1. Initially,
most of the displacement is due to the elastic deformation of
the column and the rotation of the base plate, which is due to
elastic anchor extension. The contribution of the slab rota-
tion increases as damage progresses in the concrete. Close
to peak drift ratios, the slab rotation increases because the
breakout cones have formed and move like rigid objects.

Figure 17 subdivides the shear reinforcing bars into rows
based on the distance from the column center. Figure 17
also shows the final state of each bar, highlighting those that
yielded. Most bars in rows 1 and 2 yielded and exceeded 3%
strain (the maximum measurable strain of the strain gauge).
The west side of the specimen had two additional rows of
reinforcement (rows 4 and 5), which did not yield or show
appreciable strains. Figure 18 plots the specimen force-drift
ratio curve and highlights the point at which each shear
reinforcing bar reached the nominal yield strain (0.002).
The initiation of yielding of the shear reinforcement coin-
cided with the departure from linear behavior of the spec-
imen. Figure 19 plots the shear reinforcement strain versus
column drift ratio and highlights the first yield of each bar.
The “V” shape of the strain graphs indicates that the bars
experienced tensile strains when the column was loaded in
either direction.
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Photographs of the specimen cross section (refer to
Fig. 15) indicate that the breakout cones were asym-
metric with a steeper slope toward the interior of the joint.
This cone geometry is attributed to the suppression of the
unconstrained breakout surface because of column flexural
compression at the opposite side of the joint, as shown in
Fig. 3. During the test, the longitudinal reinforcing bars
and anchor rods remained in the elastic range. The bottom
surface of the foundation slab showed minimal cracking.
The anchors did not punch through the bottom of the slab.

DISCUSSION

Each specimen provided two data points corresponding
to the failure of the east and west anchor groups. All four
anchor groups failed in a concrete breakout mode. Other
possible failure modes associated with slab flexure, one-way
shear, or joint shear were not observed.

An analysis of the connection strength of test Spec-
imen M0O1 was performed considering beam-column joint
shear and anchoring-to-concrete provisions. The calculated
strength using the strut-and-tie method is not presented
because the bearing surfaces of the anchor bolts were not
ideally positioned or sized for developing a proper strut-
and-tie model.

The beam-column joint nominal shear strength was calcu-
lated with Eq. (1), assuming that the effective horizontal
area of the joint was defined by lines located one nominal
concrete cover dimension, or 1.5 in. (38 mm), outside the
joint hoops of Specimen MO1, resulting in

¥, =154/3700 (20.5 in.)(24 in.) = 449 kip (2000 kN) (9)

Assuming an internal moment arm in the foundation slab
equal to 0.9d and ignoring self-weight, the corresponding
horizontal column force can be calculated from equilibrium
to be P = 86.4 kip (384 kN). Using AISC Design Guide 1
provisions (Fisher and Kloiber 2006), the internal moment
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Fig. 15—(a) Specimen cross section; and (b) plan view highlighting crack patterns and breakout cone geometry, with 12 x
12 in. (305 x 305 mm) grid for Specimen M02. Shaded region produced hollow sound when knocked.
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Fig. 16—Specimen M02 column drift ratio subdivided into contributions from slab rotation, relative base-plate rotation, elastic
column deflection, column shear deflection, and experimental error versus time.

arm for the tension-compression couple of the base plate is
z = 19.8 in. (502 mm). Thus, the force in the set of four
anchor bolts in tension (7)) corresponding to the nominal
joint shear strength given by Eq. (9) is

T, = PH/z = (86.4kN)(92 in.)/19.8 in. = 402 kip (1790 kN)
(10)

where H is the vertical distance between the point of force
application and the top surface of the slab.

The tensile capacity of the group of four anchor bolts was
also calculated using the ACI 318-19 anchoring-to-concrete
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provisions. For this purpose, uncracked concrete is assumed
as described previously. The additional factor W¥,, from
Eq. (7) is included to account for the proximity between
the tensile and compressive forces (Fig. 3). The 1.33 factor
is included to bring the 5% fractile anchor strength to the
median value. The internal moment arm for the tension-com-
pression couple of the base plate is calculated to be z =
20.5 in. (521 mm) using AISC Design Guide 1 procedures
(Fisher and Kloiber 2006). Thus, using Eq. (4), the nominal
median breakout capacity of the four anchor bolts in tension
is
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The calculated strengths and the measured values for
Specimen MO1 are summarized in Fig. 20. From the values
given, it can be determined that the mean measured strength
is approximately 1.3 times the strength calculated by the
anchoring-to-concrete method, indicating that the mean
breakout calculation is conservative for this case even with
the inclusion of the ¥,, adjustment. Comparison of the
nominal breakout strength (5% fractile) without adjustment
for the compression block (¥y,) yields a ratio of measured
strength to calculated nominal strength of 1.8. Including the
strength reduction factor ¢ = 0.70, the ratio of measured to

were  performed  for
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design strength becomes 2.6, and if the cracking factor ¥, y
is taken equal to 1.0, as may be inferred from the language
in ACI 318-19, then the ratio of measured peak strength to
design strength rises to 3.3. On the other hand, the beam-
column joint shear calculation yields a ratio of mean
measured strength to nominal strength based on the beam-
column joint nominal shear strength of 0.62, indicating that
failure occurred well before the nominal joint shear strength
was reached.

This example demonstrates the conservatism of
the anchoring-to-concrete provisions for large-scale
column-foundation connections as specified in ACI 318-19.
The use of a 5% fractile value for the design of concrete
anchors is rooted in concerns about risk and failure conse-
quences associated with attachments anchored by one or
a small number of anchors where force redistribution is
unlikely, and failure is sudden. When used to design large
structural elements anchored by multiple anchor groups, the
provisions result in a higher degree of conservatism than is
commonly provided for similar connections with hooked or
headed reinforcing bars. The use of a median strength value,
rather than a 5% fractile, should be considered along with
an appropriate strength reduction factor for anchors used in
structural applications.

Strain gauge data from Specimen MO1 indicate that
the joint hoops were not effective in confining the joint
or increasing the breakout strength. For the bottom hoop,
Fig. 14 shows low strains in all legs. For the top hoop, only
the two legs that crossed the cone failure plane yielded.

Specimen MO02 incorporated an 8 x 8 in. (203 x 203 mm)
shear reinforcing grid of No. 4 Grade 60 (913 mm Grade
420) bars with a 180-degree hook on one side and a head
on the other. Both ends engaged longitudinal reinforcement.
After controlling for concrete strength, the addition of shear
reinforcement in Specimen MO02 increased the breakout
force by 72% and the displacement capacity by a factor of
3 on average compared to Specimen MO1 (refer to Table 2).
The increased peak force is comparable to the calculated
beam-column joint strength (refer to Fig. 20). The strength
increase is consistent with the strut-and-tie model developed
by Kupfer et al. (2003) for column-foundation connections,
which suggests tension ties outside the joint are required for
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Fig. 19—Specimen MO02 strain in shear reinforcing bars versus column drift ratio subdivided into rows. First yield of each bar

is highlighted.

equilibrium. Contrary to the current assumptions in the ACI
318-19 and EN 1992-4:2018 design equations, relatively
small amounts of shear reinforcement can improve the
connection behavior. Most shear bars near the anchors devel-
oped strains well beyond the nominal yield strain (>3%)
even though they were not fully 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 transverse reinforcement (ACI 318-19, Section 25.7.1.3)
may be sufficient to develop the nominal yield stress.

Both specimens exhibited pinched hysteresis loops (refer
to Fig. 10), indicating a non-ductile concrete breakout
failure mode similar to those observed by Tanaka and Oba
(2001). Increasing the breakout failure strength may allow
the designer to provide an alternate, more ductile failure
mode (for example, anchor or column yielding).

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 (refer to Fig. 15). If one assumes
the shear reinforcing bars form part of the anchor group, the
calculated strength of this larger secondary breakout cone
increases by a factor of 1.71 due to the increased group
factor. This strength increase is almost exactly that observed
between Specimens M0O1 and MO02 (72%). The calculated
increase in strength for a breakout cone beyond the shear
reinforcement on the west side is approximately 3.14 due to
the larger reinforced area. This potential breakout cone was
not observed.

The additional rows of shear reinforcement on the west
side of test Specimen M02 did not increase the load capacity
but did increase the displacement capacity from a drift ratio
of approximately 4% to approximately 6% and prevented
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the formation of a secondary breakout cone initiating where
the shear reinforcement ended. The observation that stirrups
beyond 0.75A, from the anchor centerline did not increase
the anchor force is consistent with Eurocode provisions for
effective supplementary reinforcement (EN 1992-4:2018
Section 7.2.1.2 (2) ¢)).

Neither specimen showed substantial cracking along the
bottom surface. This suggests that the absence of continuous
soil pressure under the test specimens did not have a substan-
tial effect on the observed concrete breakout failure mode
which governed the strength. The influence of soil support
on other failure mechanisms should be investigated further.

For both specimens, the failure cones were asymmetric
with a steeper slope toward the interior of the joint (refer
to Fig. 12 and 15). This cone geometry is attributed to the
suppression of the unconstrained breakout surface because
of flexural compression at the opposite side of the joint, as
shown in Fig. 3. The ¥, factor from Eq. (7) seems appro-
priate to account for the breakout strength increase associ-
ated with the flexural compression force. This factor requires
the calculation of the internal lever arm (z). This value can be
approximated by either: a) assuming the compression resul-
tant is located below the column flange (z = 15.2 in. [386
mm] and ¥, = 1.29); b) assuming the compression resultant
is located at the opposite edge of the base plate (z =21.25 in.
[540 mm] and ¥), = 1.01); or ¢) assuming uniform bearing
pressure below the base plate and calculating z from the
forces applied to the column following AISC Design Guide
1 recommendations (Fisher and Kloiber 2006) (z = 20.5 in.
[521 mm] and ¥y, = 1.04)(1.4 for both specimens). Figure 21
plots the measured anchor group forces versus those calcu-
lated following AISC recommendations. During early load
cycles, the measured and theoretical values are similar, but
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Fig. 20—Experimental peak anchor forces and nominal median values according to breakout equations and beam-column joint

(BCJ) shear equations.

as the test progresses, the measured values become larger.
At failure, the measured forces are approximately 15 to 20%
higher than those calculated assuming a uniform bearing
pressure, suggesting this method may overestimate z and
result in a conservative value of W), Measuring z from the
centroid of the tensile anchors to the far edge of the base
plate may be assumed as a conservative and straightfor-
ward approximation unless a more detailed calculation is
performed. The stiffer the base plate, the more accurate this
assumption will be.

ACI318-19 Commentary Section R25.4.4.2¢ suggests that
breakout failure in a beam-column joint can be precluded
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, presumably due to the restraining
influence of the compression field. However, for both test
specimens, breakout failure occurred even though this
recommendation was satisfied.

Designing Specimen MO1 considering only the beam-
column joint strength and ignoring breakout strength would
have been unconservative (refer to Fig. 20). The ratio of
nominal breakout strength to nominal joint shear failure
was on the order of 2.1. This observation suggests that both
failure modes, breakout and joint shear, should be checked
to produce safe designs.

With additional shear reinforcement, the breakout failure
force 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 reinforcement, analogous to the requirement for
two-way slabs with shear reinforcement, should also be
considered.
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SUMMARY AND CONCLUSIONS

Two full-scale test specimens of interior steel-col-
umn-to-concrete-foundation connections with cast-in-place
anchor bolts were constructed and tested. Each test spec-
imen provided two data points corresponding to the peak
forces of each anchor group. The columns were tested under
incrementally increasing cyclic lateral loading, resulting in
moment transfer from the column to the foundation element.
All four tested 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 assumption that breakout failures will not govern the
behavior of large-scale connections, provided they have
adequate joint shear capacity. The pinched hysteresis loops
are indicative of concrete failure. There was no evidence
of failure or distress associated with other force-limiting
mechanisms.

For Specimen MO1 without shear reinforcement, the
nominal breakout strength of the tension anchor bolt group
was calculated using the anchoring-to-concrete provisions of
ACI 318-19. The measured breakout strength was 1.8 times
the Code-based nominal strength, indicating the conser-
vatism of the ACI 318-19 provisions for this case. Part of
the conservatism is because the ACI 318-19 provisions for
anchoring to concrete take the 5% fractile of resistance for
design rather than the median value, as is more common for
other nominal strengths. ACI 318-19 also currently neglects
the positive influence of the flexural compression field
developed under the base plate, which can act to retard the
formation of the concrete breakout surface. Finally, the ACI
318-19 provisions are written to suggest that strength should
be calculated considering cracked concrete (V. y equal to
1.0), even though an assumption of uncracked concrete
(P.y equal to 1.25) may be justified for headed anchors if
the bearing surface of the anchor bolt is within the flexural
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compression region of the foundation. These three effects
should be considered in future revisions to ACI 318.

Calculations for test Specimen MO1 also demonstrated
that the beam-column joint shear strength was never real-
ized because it was preempted by tension breakout failure.
For Specimens M01 and M02, the 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 Section 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. This observation may also be relevant for beam-
column joint design.

The addition of a distributed grid of shear reinforce-
ment 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 reinforcement within 0.754,, of the anchors seems
capable of increasing the breakout strength, additional
rows can increase the displacement capacity and prevent
secondary breakout failure cones beyond the outermost 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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NOTATION

A, =  cross-sectional area at end of strut under consideration

A; = cross-sectional area of horizontal plane through joint, in.?

Ay. = projected failure area of single anchor or anchor group in
question

Aneo =  projected concrete failure area of single anchor if not affected by
edges (9h.7)

A,. = areaof each face of nodal zone

DR,, = drift ratio at breakout failure

DR, =  drift ratio when leaving elastic range

d = distance between extreme compression fiber to centroid of
longitudinal tension reinforcement

E = concrete modulus of elasticity

F,, = nominal compressive strength of nodal zone

F,, = nominal axial compressive strength of strut

f.! = concrete compressive strength

Jfwean =  conversion factor from 5% fractile to median value

fi = concrete tensile strength

fy = nominal yield stress of steel

G, =  concrete fracture energy

H = vertical distance between top surface of slab and point force is
applied

hy = anchor effective embedment depth

N, = Dbasic concrete breakout strength of single anchor in tension in
cracked concrete

Nug = nominal concrete breakout strength in tension of group of
anchors

P = horizontal force applied to column free end

T, = tensile force in anchor group

V, = nominal horizontal joint shear strength

N
|

lever arm between tensile and compressive force resultants
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strut and node confinement modification factor for strut-and-tie
method

B, = nodal zone coefficient for strut-and-tie method

Bs = strut coefficient for strut-and-tie method

¢ = strength reduction factor

Y = joint shear strength coefficient that depends on joint geometry
and loading

Y.y = modification factor for anchors in uncracked concrete under
service loads

Y, v = modification factor for concrete splitting with post-installed
anchors

Y..n = modification factor for anchor groups loaded eccentrically in
tension

Y.~y = modification factor for edge effects of anchors in tension

¥y = modification factor for bearing pressure of base plate by Herzog
(2015)
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