structural PERFORMANCE
Shear Strength Deficiencies in

Concrete Columns

Part 1
By Lawrence Burkett, Joe Maffei, S.E., Ph.D., Abby Enscoe, PE.,
Marc Steyer, S.E., Mike Wesson, S.E., Ph.D., and Aniket Borwankar

C oncrete buildings with vulnerable columns are some of the
most dangerous structures when earthquakes occur. Since the
1970s, building codes have addressed the detailing of columns that
are part of moment frames in high-seismic regions. Research for the
Portland Cement Association [Blume et al., 1961] and subsequent
studies in New Zealand established the need for close spacing of ties
and a capacity design of frame members for shear strength sufficient
to cause flexural yielding rather than undesirable shear failure.

While these provisions were required for moment frame columns
and beams, in the U.S. it took until the 1997 Uniform Building Code
(UBC) before such provisions were required for “gravity” columns,
i.e., columns categorized by the structural engineer as not part of the
seismic-force-resisting system.

Even in countries with a history of advanced seismic codes, concrete
buildings have collapsed because of vulnerable gravity columns. This
happened in the U.S. in the 1994 Northridge earthquake and New
Zealand’s 2010 Christchurch earthquake.

Project Testing

In a recent project at the University of California, San Francisco
(UCSE), the retrofit of the seven-story Mount Zion Housing build-
ing afforded an opportunity for full-scale laboratory testing of a
vulnerable concrete column. In addition to other seismic deficien-
cies typical of a concrete structure from the 1960s, the building
has interior columns that lack a close spacing of ties over most of
the column height. The columnsare governed by non-ductile shear
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Figure 4. Test setup for imposing lateral displacement to the column with fixecHixed
end conditions.
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Figure 1. Test column. The central portion represents the column between floor

slabs of the building.

failure, as-assessed by ASCE 41-17, Seismic Evaluation and Retrofit
of Existing Buildings.

At most interior columns, fiber-reinforced polymer (FRP) wrap
could'be applied around the entire column perimeter (i.e., all four
faces). This is a typical approach to increasing the shear strength of
existing concrete columns. However, interferences at nearly 30% of
the interior columns prevented access to one column face, driving
the need for a three-sided option. UCSE, the structural engineer
of record (SEOR), and the peer reviewers sought input from FRP
designers about the potential for a three-sided solution. They agreed
that the designer of a three-sided FRP wrap would have to provide
testing validation of the structural effectiveness of the retrofit used.
The group envisioned FRP wrapping on three sides of the column
and FRP through-anchors instead of FRP on the fourth side. A detail
of this type had previously been designed and tested by Aegion/
Fyfe for pilasters.

‘The FRP subcontractor for the project selected Simpson Strong-Tie
to design and provide the FRP, and Simpson developed a proposed
detail and test program to meet the requirements established by the
SEOR. The testing program included a control column (i.e., with
no FRP) and columns wrapped using the three-sided FRP with FRP
through-anchors. This article discusses the results of the control
column test. The results of the FRP-strengthened column tests will
be discussed in a subsequent article.

Column Testing Program

The testing was carried out at Simpson Strong-Tie’s Tyrell Gilb
Research Laboratory in Stockton, CA. The testing included one control
column specimen, discussed in this article, and two FRP-strengthened



columns, discussed in a subsequent article. Figure I and Figure 2-online
show the column design and construction.

Material Properties (Control Column)

From the mill certificates of the reinforcement, the Grade 60 #10
longitudinal bars had f, = 69.4 ksi and f, = 98.8 ksi. The Grade 40 #3
ties had f, = 55.0 ksi and f,, = 82.5 ksi during field testing. The concrete
strength at the time of testing was 2,568 psi, based on the average
results of six cylinder tests taken over three days (i.e., two cylinders
before, two after, and two on the day of the control column test).

Test Setup and Procedures

The columns were tested under imposed lateral force and displace-
ment, with fixed-fixed end conditions

the column clear height. The bottom-of-column displacement mea-
surements are taken from the same independent reference frame using
a displacement transducer connected at the bottom of the column
clear height. Base slip of the concrete abutment relative to the strong
floor is also measured with a displacement transducer. Test results
were corrected to remove the small amount of base lateral movement.

All measurements are recorded with a central data acquisition system
throughout the duration of each test.

Designing the Control Column

For the test program to succeed, the control (i.e., un-retrofitted) column
needed to fail in shear; otherwise, it would not be possible to show that

(Figure 3-online and Figure 4). The fixed
base is achieved by clamping the lower
section of the specimen to a concrete
abutment with a steel plate and threaded
rods. The abutment is, in turn, anchored
to the laboratory’s strong floor.

The upper section of the specimen
is restrained from rotation by two fix-
tures that each deliver the lateral load to
the specimen from a horizontal servo-
hydraulic actuator and horizontal HSS
steel tube sections that act as loading
struts. The actuators are coordinated and
controlled to keep a fixed condition at the
top of the column, with the top block of
the specimen translating but not rotating,.

Each actuator is equipped with a
load cell and internal displacement
transducer for actuator force and dis-
placement measurements, respectively.
Each HSS loading strut has two strain
gages installed, one on each vertical face,
near the end of the strut adjacent to the
test specimen. These strain gages were
used to record slight differences between
the summation of both actuator load
cell readings on the opposite end of the
HSS struts and the actual applied load
measured via the HSS strain gages on the
test specimen end of the HSS struts. The
difference in these loads is the friction of
the test system (i.e., the friction in the
HSS struts sliding over its supports via
low friction rails). The friction was also
calculated as the difference in actuator
load readings at displacement reversal
points. Such friction was found to be less
than 1% of the applied load.

A cyclic-static history of lateral dis-
placement was applied to the specimens.
Axial load was not applied to the column
specimen.

and high-rises.

Displacement Measurement

The top-of-column displacement mea-
surements are taken from an independent
reference frame using a string potentiom-
eter connected one inch below the top of
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Figure 5. Comparison of shear sirength predictions for the control {un-refrofitted) column using various models

column center region at bottom (12.8-inch tie spacing).

the retrofit solution prevented shear failure. Accordingly, the authors
were careful to look at the range of possible best estimates of shear
strength and flexural strength to ensure that shear strength would
govern for the control column.

Effect of Axial Load

Although many equations for shear strength (such as Equation 22.5.5.1
of ACI 318-14, Building Code Requirements for Structural Concrete and
Commentary) have neglected the effect of axial loads, presumably for
simplicity, it is well recognized that axial compression increases shear
strength. Similarly, axial compression increases flexural strength for

Shear capacity, V (kips)
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. Column end regions at top (3-inch tie spacing);

columns with an axial load below the balance point, increasing the
maximum shear demand under induced displacement. (Maximum
shear demand in this configuration equals twice the flexural strength
divided by the column clear height, 2A4/L.)

Previous research on the shear strength and governing behavior
of concrete columns (Kowalsky and Priestley, 2000) concluded
that axial compression increases shear strength to a similar extent
as it increases flexural strength. Tests of columns having different
axial load levels have shown that changing only the axial load
does'not change the governing behavior mode from shear to
flexure or vice-versa.
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This observation helped justify testing of the column without the
additional variable of superimposed axial load, since the omission of
the axial load was unlikely to change the governing behavior mode.

Estimating Shear and Flexure

In designing the control column to ensure shear failure, it became
evident that, for this column, some methods predicted substantially
higher shear strength than the ASCE 41 equations (Sezen and Moehle,
2004) (Figure 5). The method that the authors evaluated that gave
the highest shear strength for the column was the modified UCSD
method (Priestley et al., 2007).

The most lightly reinforced columns in the building have 4-#7
longitudinal bars. Without axial load, the columns have a flexural
capacity corresponding to a shear demand of approximately 24 kips.
This just exceeds the ASCE 41 shear strength of 23 kips, making them
shear governed by ASCE 41. (The 23 kips includes the V, contribution
of the ties at 12.8-inch spacing; by the letter of ASCE 41, the non-
conforming tie spacing means that ¥/ should be neglected, resulting
in an ASCE 41 shear strength of 12 kips.)

However, to have a successful test, the authors wanted to ensure
shear failure for the highest predicted shear strength, 39 kips for the
UCSD model. To achieve this, and considering the testing uncer-
tainties, the flexural strength was increased to ensure shear demand
well above 39 kips.

Increasing the reinforcement from 4-#7 to 4-#11 would create a
demand (2M/L) of 41 kips, which was judged not high enough. This
led to a choice between 8-#9 or 8-#10 longitudinal reinforcement.
8-#10 were chosen to reliably ensure shear failure, creating an expected
shear demand of 56 kips (Figure 6-online and Figure 7).

While this heavy amount of longitudinal reinforcement did not
occur in the Mount Zion Housing building, the authors have seen
similar designs with heavy column bars in concrete buildings in
California from the 1960s and 1970s, presumably the result of
working stress gravity design of the columns coupled with a desire to
limit the size of the column section. The
heavy amount of reinforcement in the
test column would lead to higher flexural
compression strain in the concrete and
carlier spalling of the cover concrete, but
this was expected at deformations suffi-
ciently larger than those at shear failure.

A concrete mix was chosen that was
intended not to exceed f”, = 3,000 psi to fur-
ther avoid increased shear strength. Overall,
it was assumed that the column design with
heavy longitudinal reinforcement, low con-
crete strength, and the deficiency of ties
would provide a more rigorous test of the
effectiveness of the FRP.

Shear Strength Predictions

Figure 5 shows the predictions of three
shear strength equations compared to the
shear demand coming from the column
design with 8-#10 longitudinal bars.
The UCSD and ASCE 41 models con-
sider the degradation of shear strength
with displacement ductility, which
applies to the test column only in the
end regions where the flexural yielding
occurs. The bottom graph of Figure 5

Figure 8. Shear failure in diagonal tension of the control
(un-retrofitied) column and subsequent spalling of cover concrefe.
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Figure 7. Predictions of moment capacity based on flexural and shear strength used
to evaluate test column behavior mode. Shear strength per the UCSD model.

shows that with the high shear demand coming from the high flex-
ural strength, all the equations predict that shear failure in the center
region of the column preempts any flexural yielding that would occur
in the end regions.

Final Column Specimen Design

The column specimen was the same as an actual column in the fol-
lowing respects:
* Cross-sectional dimensions (14 inches square), concrete cover
to ties (1% inches), and tie size, shape, and detailing (#3 square
perimeter ties- with 135-degree hooks)
* Column clear height (105 inches)
* Tie spacing at column ends (four spaces at 3 inches o.c.)
The column specimen differed from an actual column in the fol-
lowing respects:
* No axial load other than specimen
self-weight
¢ Tested with fixed-fixed end condi-
tions, eliminating the
flexibility of floor structures that
exists for the column in
the actual structure
* Actual concrete compressive
strength for specimen, at time
of testing, equal to 2,568 psi
compared to specified strength on
the existing drawings of 3,750 psi
* Tie spacing over the mid-height
region of the column at 12.8
inches (adjusted from the speci-
fied 12 inches to avoid adding
another tie)
* Longitudinal reinforcement
of 8-#10 instead of 4-#7
* Continuous longitudinal bars
instead of lap splices
Lap splices were eliminated to avoid
complicating the objective of the test
because the splices would cause sig-
nificant congestion with the heavy
bars used. Also, the assessment for the
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original building was that slip or failure of the lap splices would
not govern the column behavior. (The authors assessed the lap
splices of the building per ASCE 41 and the recommendations of
Priestley, Seible, and Calvi, 1996. The splices have ties at 3-inch
spacing over most of the splice length.)

Control Column Results

The control column failed in the behavior mode predicted, as desired:
shear failure in diagonal tension in the mid-height region of the
column, which had a tie spacing of 12.8 inches (Figure 8, page 11).
The shear failure preempted any flexural yielding of the column. The
shear failure did not extend into the column’s end regions, which had
a tie spacing of 3 inches. After shear failure, spalling of cover concrete
occurred because of the high compression strain resulting from the
heavy longitudinal reinforcement.

Degradation of strength after the shear failure was immediate and
significant, as shown in Figure 9-online.

Shear Strength

As shown in Table 1, the UCSD model closely predicted the shear
strength, while the ASCE 41 and ACI 318 equations under-predicted
the strength.

All three shear strength equations correctly predicted the actual
behavior mode and its occurrence in the mid-height of the column.
This is partly because the specimen was designed to be clearly and
reliably governed by shear failure.

Findings and Practical Implications

The testing of the control column shows, for this case, that the
UCSD model provides a good prediction of shear strength. The
ASCE 41 and ACI 318 equations under-predicted the shear strength,
by a factor of three in the case of ASCE 41 (12 kips vs. 40 kips).
Therefore, it is worth investigating whether the conservatism in the
ASCE 41 and ACI 318 shear strength equations is applicable to
other situations and whether it may lead to retrofitting to prevent
shear failures that are, in fact, unlikely to occur.

The latter seems to be the case for the Mount Zion Housing
building columns, for which shear demand is limited by moderate
column flexural strength (4-#7 longitudinal bars are typical for
many columns) and by the limited capacity of the floor structure to
induce column bending and shear. Figure 10 shows that the build-
ing’s interior columns (about 190 total) were retrofitted because
they have insufficient shear strength by the ASCE 41 criteria. By
the UCSD criteria, they have sufficient shear strength.

Table 1. Predicted versus actual shear strength (using fested f< of 2,600 psil.

Predicted or actual

Shear strength model strength
ASCE 41-17, Equation 10-3 12 kips
ASCE 4]:]7, quotion ]Q-3, 7 as
omitting tie spacing requirement

ACI 318-19, Table 22.5.5.1, omitting

tie spacing requirement per 18.14.3.1 30 kips
(applicable to SDC B and higher)

Ucsb 39 kips
Test result 40 kips
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Based on the test results for this column and the application of the
UCSD model to the properties-of the actual building columns, as
shown in Figure 10, the columns without retrofitting would have
been governed by flexure, with good ductility capacity. Therefore,
they would not require the FRP wrapping.

The authors would not have suspected the apparent level of con-
servatism in the ASCE 41 column shear strength criteria had they
not had an opportunity to compare the criteria to a tested column.

It is certainly appropriate to have conservatism in shear strength
requirements for concrete columns, given the potential for shear-
failing columns to cause building collapse. However, a question
worth investigating is whether the ASCE 41 equation is overly
conservative. This includes the question of what spacing of tie
reinforcement should be considered ineffective in contributing to
shear strength.

Part 2 of this article will describe the retrofitting of the Mt. Zion

retrofitted for shear strength using a three-sided FRP wrap &&=
with FRP through-anchors.s

Full references, additional graphics, project team, and an
expanded 7able I are included in the PDF version of the
online article at STRUCTUREmag.org.
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Figure 3.-Control (un-retrofitted) column in the festing frame.
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Predicted

Shear strength Summary description of equation or actual
model strength

Veor = kni | @cor <Anytd>

s
!
+2 MU6D L 6AN7_,

ASCE 41-17, /VUD d VT .
Equation 10-3 Where: 12 kips

kni = Variable to modify capacity based on ductility (range is 0.7 for

high ductility demand to 1.0 for low ductility demand)

(Mup/Vup)d = largest ratio of moment to shear times depth (limited

to values between 2 and 4)

dcol = variable to account for the effect of tie spacing (equal to 0

when s/d > 1.0)
ASCE 41-17,
Equation 10-3,
omitting tie Same as above 23 kips
spacing
requirement

h=Vr+k
ACl 318-19, Table for Ay 2 Ay,min:
ooy = [T+ ] bud or [81(0)7 T + 2 ] wd
requirement per for Ay < Ay,min: 30 kips
18.14.3.1
(applicable to SDC [87‘ M) F e + 6A. b d
B and higher) = 1]fyt

s

V=V.+V+V,

V.= aﬁyﬁ(o 84)

V, = Ptand

Ay fyn(D — ¢ — co) cot
V, =
s

Where:

a = Factor to account for column aspect ratio
ucsD = Factor to account for the effect of volumetric ratio of 39 kips

longitudinal reinforcement

y = Factor to account for reduction in strength with increasing

ductility

Vp = axial load component of shear strength resulting from a

diagonal compression strut

Vs = transverse reinforcement component of shear strength,

considering only the effect of ties on the tension side of the neutral

axis
Test result -- 40 kips
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