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TECHNICAL PAPERS

PTI BARRIER CABLE TESTS AND
RECOMMENDATIONS FOR THE DESIGN OF
BARRIER CABLE SYSTEMS

BY ASIT N. BAXI

Parking structures require some type of barrier
system at the perimeter of the structure and at the
open edges of ramps to prevent automobiles and pedes-
trians from falling from the open sides. Depending
on the intended function of the barrier system—for
example, pedestrian-only, or vehicular-impact-only, or
both—typical options to provide this protection range
from cast-in-place concrete, precast concrete, masonry,
steel framed barrier walls, handrails, cable guards, and
miscellaneous pedestrian barriers to the commonly
used 11.5 in. (29.2 cm) diameter seven-wire prestressing
strand barrier cable system.

Prestressing steel is an ideal material for use in
barrier systems because of its high tensile strength and
low relaxation properties. Seven-wire prestressing steel
strands conforming to the Post-Tensioning Institute’s
(PTI) “Specification for Seven-Wire Steel Strand for
Barrier Cable Applications™ are capable of resisting the
high lateral loads produced by the impact of a moving
vehicle and are economical and flexible in meeting most
geometric layouts in a project.

Barrier cable systems using seven-wire prestressing
strands, such as shown in Fig. 1, have been in use for
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several decades in the United States. The physical
and loading requirements for vehicle barrier and guard-
rail systems are provided in the International Building
Code (IBC)? and the American Society of Civil Engi-
neers (ASCE) Standard.? Over the years, design pro-
fessionals have used one or more of the following to
design barrier cable systems: (a) fundamental engi-
neering mechanics approach, (b) design methods
(equivalent static load or energy method) provided in
Presswalla’s paper,’ and (c) Chapter 16 of PTI’s Post-
Tensioning Manual, 6th Edition.® Any suitable modifi-
cations specific to a project were left up to the licensed
design professional.

A fully functional barrier cable system must provide
an adequate load path and ensure the following four
functions. The first function is to ensure that each
component of the strand and anchorage assembly
(including any intermediate strand couplers) can
resist the forces developed within the barrier system
for the vehicle impact load requirements prescribed in
the IBC. The second function is for the attachment of
the anchorage assembly, whether internally mounted
or externally mounted, to the connecting structural
element to resist the barrier system forces at vehicle
impact. The third function is for the connecting struc-
tural element to safely support the reactions at vehicle
impact. Lastly, the licensed design professional must
ensure that the structural elements supporting the
barrier cable system can safely transmit the loads to the
overall structure.

In an effort to gain an understanding of the current
industry design practices for barrier cable systems in the
United States and with an eventual goal of establishing
uniformity for the design of barrier cable systems, PTI’s
Barrier Cable task group conducted industry-wide sur-
veys of engineering firms in 2018 and 2022 with a series
of questions pertaining to the overall design of barrier
cable systems and the design of short span conditions.



The surveys indicated that engineering firms used
either the energy method with an IBC-equivalent static
load code check or the equivalent static load method only,
with no clear indication of any one method being preferred
over the other. Some firms used both methods and chose
the higher force value. Both surveys included questions on
load safety and strength-reduction factors used. Because
there are no specific safety factors for barrier cable applica-
tions mentioned in the building code, the surveys found
that engineering firms used factors based on a combina-
tion of engineering judgment and the firm’s previous expe-
rience with barrier cable design. It is only in the recent past
that the equivalent static load value of 6,000 1b (2,722 kg)
in the IBC has been specifically categorized as a Live Load,
hence triggering a load factor of 1.6 for strength design.

The 2018 survey included several questions on the
design of short spans and how very short runs of barrier
cables were handled during design. The responses from
the survey indicated that many firms were not sure how
to address and offer solutions for short-span conditions
because of a lack of guidance and literature on the design
of barrier cables for short spans. Barrier cable suppliers/
installers struggled to adequately bid, finalize shop draw-
ings, and stress cables for conditions with short spans
because of a lack of information, incorrect information,
or a design that could not be executed in the field.

For these reasons, PTI decided to lead an effort to
conduct a comprehensive series of static and dynamic
tests of barrier cables for parking structure applications
to provide further guidance for designing these systems.
PTI created a task group to develop the test program, the
test setup, and to conduct the tests.

This article presents details and results of the static
and dynamic tests of the barrier cables conducted by the
task group. The article begins with a description of the
research objectives, followed by details of the specimen
series, experimental setup, and static and dynamic testing
of the specimens. The formulation for the analytically
computed values is presented, followed by a comparison
of the experimental measurements with the analytically
computed values for both the static and dynamic tests.
Details of another analytical investigation, wherein a
comprehensive study covering the gamut of different
garage spans and barrier cable lengths that a design
professional would encounter in practice, is presented.
The article ends with a summary and conclusions from
this research. Based on the results of the analytical and
experimental work, recommendations for the design of
barrier cable systems are presented.

RESEARCH OBJECTIVES
Based on the responses from the surveys and discus-
sions within the task group, the experimental program was
developed with the following overall research objectives:
a. Compare the measured strand forces and deflections
at impact for the static tests with theoretically or
analytically computed values using the equivalent
staticload method and the same for the dynamic tests
with the computed values from the energy method.
b. Determine the accuracy and suitability of each
method for designing barrier cable systems.
c. Evaluate whether the building codes need to be
revised to reflect industry practices.
d. Provide clarity on the load factor values to be used
for each method.
e. Provide recommendations for design.
f. Provide guidelines to address the “short span” condi-
tion issue.

EXPERIMENTAL WORK
General

Several series of static and dynamic tests on 0.5 in.
(1.3 cm) diameter barrier cables were conducted in
January 2022 at the Suncoast Post-Tension (SCPT) facili-
ties in Houston, TX. All prestressing strand material and
anchorage components used for the tests were in compli-
ance with the PTIM10.4-07, “Specification for Seven-Wire
Steel Strand for Barrier Cable Applications.” The testing
was performed by several members of the PTI barrier
cable testing task group with assistance from experienced
shop personnel from Suncoast Post-Tension. A representa-
tive from Wiss, Janney, Elstner Associates, Inc. (WJE) was
present to witness and validate the observations. An engi-
neering representative from PTI was also present during
the testing. A limited number of static and dynamic tests
were conducted for stainless steel strands in June 2022.

A total of 17, eight-static and nine-dynamic tests were
conducted on a single run of 0.5 in. (1.3 cm) galvanized
strand. A total of six, three-static and three-dynamic tests
were conducted on 0.5 in. (1.3 cm) stainless steel strand.
All tests were conducted in a stiff test frame developed
for the tests. Details of the tests are as follows.

Test Setup

An overall view of the test setup is shown in Fig. 2.
The test frame was designed to test a 20 ft (6.1 m) length
of strand closely representing a “short span” condition,
and for most practical purposes, a worst-case scenario
was to be expected in design. The shorter span length
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Fig. 2—Overall view of the barrier cable test setup.

would result in large-enough stress values in the strand
atimpact, enabling the study of various cases close to the
yield value of the strand. The test frame was also designed
such that the length of the critical span between supports
and the length of the barrier cable between anchorage
locations were similar in magnitude to create a maximum
load effect in the strand at impact.

The test frame was designed to be as stiff as possible
by using diagonal end brackets welded to the bottom
tube steel beams to eliminate any appreciable deflection
under large strand forces generated at impact. Additional
closely spaced feet were added between the floor slab and
the bottom tube steel beams to keep them from deflecting
during the test. The test frame was bolted to the floor slab.
The same test frame was used for the static and dynamic
tests. Multiple trial runs of both the static and dynamic
tests were performed in the weeks prior to the formal test
and on the day of the test with the independent laboratory
representative present to ensure the adequacy of the overall
test process and to make any adjustments to the test setup.

Instrumentation
The tests were instrumented with suitable devices to
gather the following data:
o Applied load for the static tests
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o Applied load and height of payload drop for the
dynamic tests

o Strand tension via high-precision load cells with
dynamic recording at each end of the strand

o Mid-span strand deflection before, during, and at the
end of each test

o End movement of test frame at each end using dial
gauges

o Localized movement/slippage at the wedges

o Video recording

Test Preparation
The following steps were taken in preparation for
each test.

1. Use a brand-new barrier cable strand for each test
series (mill certification shown in Appendix A).

2. Attach barrel anchors to each end of the strand with
load cells (Fig. 3) and apply initial tension as required
for the test. The amount of applied tension force to
ensure wedge seating for the desired initial tension
value will vary from test series to test series. Back-seat
both anchor ends to achieve a wedge seating force of
33 kips (15 T).

3. Check the tightness of test frame bolts to the ground.
Tighten any loose bolts after each dynamic test.



. Grease the sides of the cylinder to reduce friction
between the payload drum and the drum guide for
the dynamic tests (Fig. 4).

. Setup and zero out the dial gauges before the start of
each test at each support (Fig. S). Video record end
bracket movement during the test.

. Zero out each load cell and set the number of read-
ings per second and setting. Check the calibration of
both load cells working in tandem (Fig. 6).

. Zero out the initial reading of the blue magnetic tape

(top of tensioned strand before the payload drop).

8. Set up the GoPro camera to record the mid-span
deflection of the cable (Fig. 7).

9. Setup the top mark on the drum for the drop, and set
up the forklift in position (Fig. 8). Ensure there is no
water in the drum.

10. Ensure the drum bottom impact piece is perpendic-
ular to the strand for each test. Check the chains on
the forklift.

11. Take a video of the overall test.

IMANUAL SCALE
(resting on the floor
= Islab) (second value)

Fig. 5—Resetting the dial gage to zero for recordig end bracket Fig. 8—Stting up the forklift in position to eitherérdually lower
movement. (static test) or drop the payload drum (dynamic test).
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Static Test Series

The static tests consisted of two series of static tests
with an applied load of 1,673 Ib (759 kg) with different
initial pre-tension values. The first series, with an average
pre-tension of 3,034 1b (1,376 kg), was repeated five
times for overall consistency and accuracy. The second
series, with an average pre-tension of 6,131 Ib (2,781 kg),
was repeated three times. Prior to the formal test for
record purposes, several trial runs of the static test were
performed on the same day to ensure that the test setup
was working as planned.

A typical static test comprised of the following steps:

1. Apply initial strand tension (initial tension values
were high enough to satisfy the minimum sag
requirements for a 20 ft [6.1 m] span length).

2. Apply static load by gradually lowering the payload
drum weighing 1673# on the strand (1561# for
payload drum plus 112# self-weight of the magnet).
The weight of the payload drum was based on taking
a mass of 5,000 Ib (2,268 kg) (vehicle weight)
divided by three, because three barrier cables would
resist this load. Because the tests were performed on
a single cable; hence, the mass of the desired payload
was 1,667 1b (756 kg). While every attempt was
made to keep the payload mass to 1,667 1b (756 kg),
the actual weight of the payload drum was 1,573 Ib
(714 kg) without the magnet and 1,673 Ib (759 kg)
with the magnet. Adjustments to the analysis were
made to account for these slight differences.

3. Record load cell values at each end of the strand,
record end support movement at each end (manual
and video), record vertical deflection (manual and
video), and note if there is any strand slippage at
the wedges on the barrel anchor at each end of the
strand. The load cells used for the tests allowed for
dynamic recording of the values meaning that the
strand tension was being continuously recorded as
the strand was being loaded.

4. Repeat test.

Dynamic Test Series

The dynamic tests consisted of three test series. The
first two series simulated a 5,000 1b (2,268 kg) vehicle
driving at S mph (8 kph) with average initial pre-tension
values of 3,757 and 5,810 Ib (1,704 and 2,63S kg), with
each test repeated three times. The final series repre-
sented a 5,000 Ib (2,268 kg) vehicle driving at 6 mph
(10 kph) and was also repeated three times. The initial
tension value for each of these tests had to be adjusted
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higher to ensure that the strand did not bottom out in the
test frame at impact. A brand-new strand was used before
the start of each dynamic test series. The equivalency
of a 5,000 Ib (2,268 kg) vehicle driving at S and 6 mph

(8 and 10 kph) was established by dropping a payload

(cylindrical drum of known weight) at a height of 10 and

14.5 in. (25.4 to 36.8 cm), respectively, simulating the

weight and velocity of the vehicle (formulation provided
in the next section).

A typical dynamic test comprised of the following
steps:

1. Apply initial strand tension.

2. Apply dynamic load by dropping the payload drum
weighing 1561# on the strand (without the self-
weight of the magnet) from a height of either 10 or
14.5in. (25.4 or 36.8 cm).

3. Record load cell values at each end of the strand,
record end support movement at each end (manual
and video), record vertical deflection (manual and
video), and note if there is any strand slippage at
the wedges on the barrel anchor at each end of the
strand. The load cells used for the tests allowed for
the dynamic recording of the values meaning that
the strand tension was being continuously recorded
as the strand was dynamically loaded.

4. Repeat test.

Stainless Steel Strand Tests

A limited number of static and dynamic tests for
stainless steel strands similar to the tests for galvanized
strands were performed in June 2022. The results of these
tests are provided in Appendix C.1 and C.2.

The strand force and deflections at impact for the
static and dynamic tests compared favorably with the
computed values. Based on the limited number of tests
performed, it appears that the overall behavior of the
stainless-steel strand is similar to the standard galva-
nized barrier cable strand. Appropriate hardware must
be used to ensure similar anchorage performance as
galvanized strands and to ensure long-term durability
at the anchorages. Further research into stainless steel
strands is required.

ANALYSIS OF THE STATIC AND DYNAMIC
TEST SERIES
Theoretical Computation of Strand Tension for the
Static Tests

A detailed description of the equivalent static load
method is available in the literature. It is summarized as
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Fig. 9—(a) Barrier cable system under an equivalent static load P, (b) Close-up view

follows for context. Additional information is available
in the Presswalla paper® and Post-Tensioning Manual, 6th
and 7th Edition.®” Figure 9 shows a schematic diagram
of a barrier cable system with a static load P applied at
midspan for maximum load effects. The following equa-
tions provide the tension and associated deflection due
to an applied load P, considering that there is no initial
pre-tension in the cable.

Pl
Equilibrium: T = — (Eq. 1)
4a
o . TL  PIL
Constitutive Equation: A = — = (Eq.2)
EA 4aEA
. 24°
Compatibility: A = e (Eq.3)
2 \I/3
_ PPL
Deflection a under Load P: a = (Eq.4)
8EA

where:

T = Tension in the cable

P = Applied equivalent static load

L = Total length of cable between anchor points

| = Span of interest (usually the longest span)

A = Difference between the deflected and
undeflected length

E = Modulus of elasticity of steel

A = Area of the strand

a = Deflection of the cable

This method is based on determining the initial
strand tension T, required to achieve a desired strand
deflection value a for a given span [ and barrier length L
configuration subjected to a load P. The strand tension

T,and associated deflection a due to an applied load P,

(b)

Q Q.9
** N2

considering no initial pre-tension in the cable, are first
calculated. If the desired deflection a,is less than the
deflection value g, corresponding to the case with no
initial pre-tension, a higher tension force in the barrier
system is required (alternatively, the length L of the
barrier cables, in principle, could be reduced by consid-
ering intermediate anchors). A revised tension force T,
corresponding to the desired deflection value a_is deter-
mined. The initial strand tension then is the difference
between the higher T;and T,, that is, (T, = T; - T,). The
basis of this approach is to achieve force equilibrium in
the system at various stages of loading and is the typical
approach used by design professionals.

From a building code perspective, the equivalent
static load method is primarily based on the applica-
tion of an equivalent static unfactored (service) load of
6,000 Ib (2,722 kg) at impact, empirically representing
a 5,0001b (2,268 kg) vehicle traveling at S mph (8 kph).
The 6,000 Ib (2,722 kg) concentrated load is prescribed
in the International Building Code? and ASCE 77 as an
unfactored live load and applies to parking garages for
passenger vehicles (other heavy vehicles, trucks, and
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buses have different values). The 6,000 1b (2,722 kg)
load must be applied horizontally in any direction to
the barrier system and located at a height between 18 to
27 in. (46 to 69 cm) above the floor or ramp surface to
produce maximum load effects. The load must be applied
to an area not exceeding 12 by 12 in. (30 by 30 cm) (typi-
cally representing three cables) and is not required to
be concurrently acting with any handrail or guardrail
system loading. When barrier cables are spaced (roughly
4 in. [10 cm] on center) to meet the pedestrian protec-
tion requirements, a typical assumption is that the
6,000 1b (2,722 kg) point load imposed per the IBC is
resisted equally by three cables. Therefore, each of the
three impact cables would receive a concentrated load of
2,0001b (907 kg).

Modified Method for Theoretical Computation of
Strand Tension for the Static Tests

The method described previously was modified to
include the effects of strain compatibility. The modi-
fied method resulted in a closer match of the computed-
versus-observed strand force and deflection measure-
ments from the static tests. The concept of the modified
method is shown in Fig. 10.

The various steps to calculate the strand tension and
deflection after the application of a given initial tension
are listed as follows.

Step #1: Calculate a,, which corresponds to the strand
deflection under applied load P with no initial pre-tension

1/3
PI'L
a, =
8EA
Step #2: Calculate the stretch with no initial pre-tension

(difference between the deflected length and undeflected
length) corresponding to a,:

(Eq.5)

deduct stretch A ae to jn; P

do
Q

2
A :—:2i (Eq'é)

Step #3: Calculate the stretch corresponding to the given
initial tension T ;:

ini®

T;niL
Ay =
EA

(Eq.7)

Step #4: Calculate the final stretch after initial tension:

(Eq. 8)

Step #S: Calculate a;, which corresponds to the strand
deflection under applied load P and initial tension T :
af = —f (Eq‘ 9)

2

Step #6: Calculate the final strand tension corresponding
to the strand deflection a,:

Tf = Ll (Eq. 10)
4a;

The modified approach considers not only force equi-
librium in the computation but also the stretch of the
strand due to the initial tension. The modified method
can further include the movement of the end supports if
desired. For the purposes of the test, every attempt was
made to keep the frame as stiff as possible. However,
some end support movement was observed and recorded
during the test. The total end support movement (left
and right supports) recorded in the static test varied from
0.009 to 0.027 in. (0.023 to 0.069 cm), corresponding

deduct stretch A e to [jn;

N T
D B 7 lini

considering Tension — Tw (T¢)
considering no initial Tension (To)

Fig. 10—Modified method for theoretical computation of strand tension considering strain compatibility.
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to a loss in strand force of approximately 168 to 504 1b
(76 to 229 kg). In actual buildings, where concrete
columns span from floor to floor, or for cantilever stub
columns at the roof of a building, there will be some loss
in strand tension at impact due to end support move-
ment. The aforementioned method allows for this end-
support movement to be considered, if so desired. From
a practical standpoint, in new designs, the end support
movement can be neglected except for special cases such
as flexible columns, where a desired final tension may be
required. This approach provides guidance to accommo-
date such calculations if further accuracy is desired.

Theoretical Computation of Strand Tension for
Dynamic Tests

A detailed description of the dynamic load or energy
method is available in the literature,®®” as indicated
previously. The formulation of this method is based on
energy principles. The concept of the method is based on
converting the kinetic energy of a moving vehicle to the

gainin strain energy in the barrier cables atimpact. Using
the same notations from the static method mentioned
previously, the tension T, and deflection in a cable a4,
at impact for a vehicle of a given mass M traveling at a
given velocity V, as shown in Fig. 11, can be calculated
using the following equations. The impact location is at
midspan for maximum load effects.

Equilibrium (gain in strain energy is equal to the
kinetic energy imparted from the vehicle):

AE\( Mv*? N
T = —_— + T;m' (Eq. 11)
L N
(T B T;ni ) L
Constitutive Equation: A = ———— (Eq.12)
AE
Compatibility: A =2 (Eq. 13)
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Fig. 11—Barrier cable system impacted by a moving vehicle in the energy method.

T-T,, T-T, .
Deflection a: a = \/H—WJL +1 -b} K—WJL} (Eq. 14)
2AE 2AE

T = Tension in the cable

T, .= Initial pre-tension in the cable

N = Number of cables resisting impact

M = Mass of the vehicle, calculated as vehicle weight/g =
32.2 ft/s? (9.8 m/s?)

V = Velocity of the vehicle (ft/s or m/s)

L = Total length of cable between anchor points

| = Span of interest (usually the longest span)

b = Width of the vehicle

A =Difference between the deflected and undeflected length

E = Modulus of elasticity of steel

A = Area of the strand

a = Deflection of the cable

The energy method requires an iterative approach
and consists of the following two steps.

The first step of the iterative process is to start by
choosing an initial value of the initial pre-tension force
T, to calculate T. The resulting tension value is then
used in Eq. 14 to calculate the deflection of the cable a
upon impact. If the calculated deflection exceeds allow-
able deflection a;, either choose a higher value for T,
and recalculate the resulting force T and deflection a,
or add intermediate anchors and then recalculate T and
deflection a using the smaller value of L. The next step
is to perform the necessary iterations to determine the
appropriate initial tension T, , and final strand tension at

ini

impact T, to comply with the deflection criteria a,.
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Modification of the Energy Method for the
Dynamic Tests

Because the dynamic tests were conducted by drop-
ping a payload from a given height (vertical direction),
effects of gravity would be introduced. Simulating a
5,0001b (2,268 kg) vehicle M traveling at a given velocity
V (horizontal direction), the computation of the strand
force and deflection using the energy method described
previously had to be modified by including the effects of
the potential energy in the equations.

The first task was to determine the height from which
the payload was going to be dropped and the mass of the
payload. Assuming the mass would be dropped as a free
drop or without any initial velocity, the payload height
drop was determined as follows. For a mass M, final
velocity V, and height of drop h, equating the kinetic
energy to the gain in potential energy:

MV?
= Mgh
V" =2gh
VZ
ah=— (Eq. 15)
2g

Hence, for a payload mass of 5,0001b/3 (2,268kg/3) =
1,667 Ib (756 kg) traveling at S mph (8 kph) or 7.333 ft/s
(2.235m/s),
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Fig. 12—Modified energy method to simulate vertical payload drop for the dynamic tests and end support movement.
7.333 , - .
h= =0.835 ft (0.255 m)= 10 in. (25 cm) Constitutive Equation:
2x32.2
L
For a payload mass traveling at 6 mph (10 kph) or A= (T-T:'m')‘:E-l-él +5r:| (Eq.17)

8.8 ft/s (2.7 m/s),

= ————=1.203 ft (0.305 m) = 14.5 in. (36.8 cm)

2x32.2

The mass of 5,000 1b (2,268 kg) was divided by three
because three barrier cables would resist this load. The
tests were performed on a single cable; therefore, the
mass of the payload was 1,667 1b (756 kg).

The modified energy method formulation to capture
the behavior of the specimen for the dynamic tests is
shown in Fig. 12.

For a cable with an initial tension T,, N is the

ini)

number of cables resisting impact, and T is the tension
in the cable,
2

Kinetic Energy + Potential Energy = + Mga

ini

2AE 2AE

T’L T’L
Gain in Strain Energy = N -

2

T°L T,L
+Mga=N -
2AE 2AE

Equating the two:

(Eq. 16)

Compatibility Equation:

(] e

Excel spreadsheets were developed to determine strand

tension and deflections as follows:
1. The following were input values: L, [, M, N, T ,
V, g, and b.
2. Ifthe end movement was to be considered: a total of

E,A,

0, and §, was input.

3. Calculate cable deflection a for a given iteration using
Eq. 18. Input this value of a in Eq. 16 and recalculate
ausing Eq. 18.

4. Iterate until cable deflection in Eq. 16 and 18 are
approximately equal.

5. Determine tension T for this cable deflection amount.

OBSERVATIONS AND COMPARISON OF
EXPERIMENTAL AND ANALYTICAL RESULTS
Experimental Results

A summary of the raw test results from both tests are
presented in Table 1. WJE observations of the testing are
provided in their report in Appendix B.

Observations
Overall observations from the tests showed that
the static and dynamic tests compare favorably with the

PTI JOURNAL | Issue 12025 15



Table 1—PTI Barrier Cable Test results.

PTI BARRIER CABLE TESTS - OFFICIAL on 01-25-22
LOAD CELL - STRAND FORCE
TEST DESCRIPTION TYPE INITIAL (To) in Ibs

End-1 End-2
Test# 1 STATIC 3218 3268
Test# 2 ‘STATIC 3003 3068
Test# 3 STATIC 2989 3057
Test# 4 STATIC 3007 3072
Test# 5 STATIC 3002 3068
Test# 6 SEATING 2824 2891
Test# 7 SEATING 4450 4469
Test# 8 SEATING 3992 4065
Test# 9 with 10 inch drop (5 mph) DYNAMIC 3831 3901
Test# 10 with 10 inch drop (5 mph) DYNAMIC 3717 3788
Test# 11 with 10 inch drop (5 mph) DYNAMIC 3617 3687
Test# 12 [STATIC 6111 6165
Test# 13 STATIC 6099 6157
Test# 14 STATIC 6096 6157
Test# 15 with 10 inch drop (5 mph) DYNAMIC 5836 5908
Test# 16 with 10 inch drop (5 mph) DYNAMIC 5766 5842
Test# 17 with 10 inch drop (5 mph) DYNAMIC 5715 5794
Test# 18 with 14.5 inch drop (6 mph) DYNAMIC 5690 5761
Test# 19 with 14.5 inch drop (6 mph) DYNAMIC 7224 7217
Test# 20 with 14.5 inch drop (6 mph) DYNAMIC 6454 6533

MEASURED VALUES
LOAD CELL - STRAND nitial Deflection of End Support End Support
FORCE AT IMPACT (T) in _ Final (inches) Strand atImpact  Movement on Movement on
Ibs fiichiest (a)ininches  Dial Gage End-1  Dial Gage End-2
End-1 End-2 (x 0.001 inches)  (x 0.001 inches)
12040 12099 31.88 23.88 8.00 Not measured = Not measured
11963 12022 31.88 24.06 7.81 . Not measured = Not measured
11924 12053 31.88 24.06 7.81 Not measured = Not measured
11940 11986 31.88 24.06 7.81 10.50 16.00
11546 11697 31.88 24.06 7.81 | 9.00 | 16.00
33258 33458 Not measured Not measured = Not measured
33747 33961 Not measured =~ Not measured = Not measured
33767 34069 Not measured =~ Not measured = Not measured
33651 33761 14.85 | 30 41
34149 33796 14.85 30 41
33683 33617 14.97 27 31
13450 13162 31.94 24.81 7.13 7.50 -
13397 13080 31.94 24.81 7.13 7.00 2.00
13373 13096 31.94 24,81 7.13 7.00 2.00
34559 33691 14.28 33.00 43.00
34337 33497 14.44 33.00 39.00
33952 33392 14.50 32.00 38.00
35993 35538 Bottomed Out  Not measured 48.00
37659 36452 15.13 Not measured = Not measured
37213 36617 Bottomed Out | Not measured = Not measured

equivalent static load and energy method, respectively, as
shown in Table 2. The final measured strand tension values
for both static and dynamic tests were consistently lower
than the calculated values. A likely explanation for this is
the reduction in strand tension due to the lateral displace-
ment of the end supports. End support members, such as
columns in a garage, whether between floors or acting as a
cantilever at the roof level, will undergo some amount of
movement at impact resulting in reduced strand tension
compared to what is calculated from design.

Current methods for barrier cable analysis use either
the static or energy approach and are based on satisfying
force equilibrium. Considering the effects of both equi-
librium and strain compatibility, and optionally, the end
movement of supports, a more accurate representation of
strand behavior at impact in a barrier cable system was

observed. The observations from the tests highlighted
that considering strain compatibility in the analysis
resulted in strand tension and strand deflection values
much closer to the values obtained in the tests. The
strand tension values in Table 2 are calculated consid-
ering strain compatibility and end support movement
observed in the tests.

Comparison of Test Results with the Equivalent
Static Load (IBC) and Energy Methods

Although the test program had several objectives,
the primary objective was to determine the suitability
of the static and energy methods in design and how they
compared to the test results and with each other.

Both IBC and ASCE/SEI 7 currently list a vehicle’s
appliedload on a barrier cable system as a “live load.” This

Table 2—Comparison of static and dynamic test values with analytical values and using ASCE/IBC Code Loads.

Final Strand Tension from Tests
Initial Strand Final Strand Tension average value from each series
ID D ESIG N APPROACH Tension in Ibs. from Analysis in |bs. {ca‘iibratedgvaiue to account for initial tens)ion
and payload) in Ibs.
First Static and Dynamic Test Series
(1) IBC Equivalent Static Load P = 2000# 3757 15357 13638
(2) IBC Equivalent Static Load P = 3200# (1.6 factor applied to Load P) 3757 19940 -
(3) IBC Static Load with 1.6 factor applied to Final Strand Tension from (1) 3757 24571 -
(4) Energy Method with Load Factor = 1.0 3757 24736 20815
Second Static and Dynamic Test Series
(1) IBC Equivalent Static Load P = 2000# 6131 17836 14060
(2) IBC Equivalent Static Load P = 3200# (1.6 factor applied to Load P) 6131 21890 -
(3) IBC Static Load with 1.6 factor applied to Final Strand Tension from (1) 6131 28538 -
(4) Energy Method with Load Factor = 1.0 5810 25130 21106
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implies that for systems using the Load and Resistance
Factor Design (LRFD) method for the end supports
(column, post, or wall) and anchorage assemblies, the
applied load on the barrier cable system (three cables) for
strength design is 6,000 1b (2,722 kg) X 1.6 = 9,600 1b
(4,354 kg) total or 2,000 1b (907 kg) x 1.6 = 3,200 Ib
(1,451 kg) per cable. It should be noted that the initial
tension in the barrier cable is based on the larger strand
force value to control sag and system deflection criteria®’
based on an applied service load of 6,0001b (2,722 kg) on
three cables or 2,000 Ib (907 kg) on one cable.

There has been an ambiguity amongst barrier cable
system designers on the interpretation of the load factor
of 1.6 used for strength design. Unlike as mentioned
previously, some designers (based on responses in the
PTI survey) apply the load factor of 1.6 to the strand
force atimpact calculated based on an unfactored applied
load of 6,000 1b (2,722 kg) for the strength design of the
end supports. The basis of the ambiguity is the answer
to the following question: “How is the applied load for
strength design defined?” Is the impact load from the
vehicle on the barrier cable system with a load factor of 1.6
the applied load, or is the strand force after impact from
a 6,000 1b (2,722 kg) unfactored load acting on the end
supports and then magnified by a factor of 1.6 the applied
load? Based on the current ASCE/IBC code interpreta-
tion, the answer to this question is the former.

Questions in the survey on the load factors for
strength design for the energy method varied from a
factor of 1.0 to 1.6. Some firms amplified the strand
forces from the energy method by a factor of 1.6, which
would be very conservative and result in difficulties in
executing designs in the field, especially for externally
mounted systems.

To gain an understanding of the strand forces at
impact and considering the previous discussion, the
static and dynamic test results of the first two series
were compared to theoretically-calculated final strand
tensions using a pre-tension value matching the average
pre-tension from each test series as follows for the fol-
lowing four design approach scenarios:

1. Compare the equivalent static load method using
appliedload P=2,0001b (907 kg) and initial tension
=3,7571b (1,704 kg).

2. Compare the equivalent static load method using
applied load P = 3,200 Ib (1,451 kg) and initial
tension = 3,757 Ib (1,704 kg).

3. Compare with strand tension based on (1) magnified
by aload factor = 1.6.

4. Compare with energy approach based on a 5,000 Ib
(2,268 kg) vehicle at S mph (8 kph) and initial tension
=3,7571b (1,704 kg) (no load factor applied).

This analysis was repeated with an initial tension
of 6,131 1b (2,781 kg) for the equivalent static load
method and §5,810 Ib (2,635 kg) for the energy method
comparison. The results from these analyses are shown
in Table 2. The following observations can be made from
the table:

e Final strand tension at impact in the test series,
whether from a statically applied load or a dynamic
load, isless than the calculated value from the respec-
tive analysis.

e Final strand tension at impact for both dynamic
load test series (20,815 and 21,106 1b [9,442 and
9,574 kg]) compare favorably with the calculated
value using design approach scenario (2) within £5%.
It is slightly higher in the first and slightly lower in
the second series.

e Calculatedfinal strand tension using the energy method
design approach scenario (4) is higher than the calcu-
lated value from design approach scenario (2).

EXTENDED ANALYTICAL INVESTIGATION
Comparison of Final Strand Tension for Various
Design Approaches

A comprehensive study was performed covering the
gamut of different garage spans and barrier cable lengths
that a design professional would encounter in practice.
Spanlengths of 18,20, 27,and 30 ft (S, 6, 8, and 9 m) with
strand lengths (anchor to anchor) varying from 18 to
270 ft (S to 82 m) were analyzed for the following design
approach scenarios with the applied load acting on one
barrier cable:

1. Equivalent static load method using applied load
P =2,000 Ib (907 kg) with initial tension satisfying
(sag&def).

2. Equivalent static load method using applied load P =
3,200 1b (1,451 kg) with initial tension satisfying
(sag&def).

3. Strand tension based on (1) magnified by a load
factor = 1.6.

4. Energymethodbased ona$5,0001b (2,268 kg) vehicle
at S mph (8 kph) (no load factor applied) with initial
tension satisfying (sag&def).

As discussed in previous sections, the initial tensions
were calculated based on satisfying minimum SAG
requirements®’ and ensuring that the cable deflection did
not exceed a typical maximum value of 18 in. (48 cm).
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For simplicity, the initial tension based on the control-
ling case (longest strand length) for a given span was
kept the same for the rest of the strand lengths for that
span. The results from the analyses are shown in Table 3
to 6.

Observations from the Extended Analytical
Investigation

The following observations were made from the

extended analytical study.

Final strand tensions using the energy method
(design approach scenario (4)) are higher than the
equivalent static load method with an applied P =
9,600 1b (4,354 kg) (design approach scenario (2)),
mainly for short spans (18 to 20 ft [S to 6 m]) and for
strand lengths less than 100 ft (30 m).

Table 4 shows the test results of the average strand
tension for both static and dynamic series superim-

posed on the analytical results. The results indicate
that the calculated strand tension values for short-span
conditions based on design approach 2 (IBC method
under factored loads) are less than the strand tension
observed in the dynamic tests and are not conservative.
For all other span length and strand length combi-
nations, the equivalent static load method with an
applied P = 9,600 1b (4,354 kg) (design approach
scenario (2)) produces higher strand tensions than
the energy method (design approach scenario (4)).
Final strand tensions using the energy method
(design approach scenario (4)) are higher than the
approach of applying a factor of 1.6 to the strand
tension based on an applied load of P = 6,000 1b
(design approach scenario (3)) mainly for short
spans (18 to 20 ft [S to 6 m]) and for strand lengths
less than 36 ft (11 m).

The design approach of applying a factor of 1.6 to the

Table 3—Comparison of final strand tensions for various design approach scenarios for an 18 ft (5 m) span length.

Final Strand
Tension for IBC | Final Strand Tension Initial Tension is
SPAN Length of Final Strand Static Load for IBC Static Load Energy Deflection based on larger | Ratio of
LENGTH Strand from | Tension for |Deflection based on| P=3200# (1.6 |with 1.6 factor applied| Method based on | tension to satisfy | (Series Ratio of
Anchor to IBC Static IBC Static Load P = | factor applied to |to Final Strand Tension| without a Energy SAG or a maximum| 4/Series (Series
18 FT Anchor Load P=2000# 2000# the Load P) from Series 1 factor Method deflection of 18" 1) 4/Series 2)
(feet) (pounds) (inches) (pounds) (pounds) {pounds) (inches) (pounds)
Design Design . Design
(1) Approach Approach DESigsn I?«pp;oach Approach
Series 1 Series 2 i Series 4
270 6801 15.88 8560 10882 7030 16.32 2115 1.03 0.82
216 7155 150 9087 11448 7788 15.67 2115 1.09 0.86
162 7669 14.08 9834 12270 8910 14.84 2115 1.16 0.91
90 8930 12.09 11626 14288 11804 13.2 2115 1.32 1.02
72 9489 11.38 12411 15182 13154 12.6 2115 1.39 1.06
54 10281 10.5 13516 16450 15140 11.84 2115 1.47 1.12
36 11546 9.35 15273 18474 18482 10.84 2115 1.60 1.21
30 12177 8.87 16146 19483 20224 10.4 2115 1.66 1.25
27 12561 8.6 16676 20098 21307 10.16 2115 1.70 1.28
20 13733 7.86 18293 21973 24724 9.49 2115 1.80 1.35
18 14174 7.62 18901 22678 26052 9.26 2115 1.84 1.38
Strand Force Comparison for different design approaches for 18 FT SPAN
30000
25000 ® Greater of Approach 2 and 4 ) Energy Method (4) controls compared

c <, proposed for design (red-dashed line) to Approach (2) for 18 ft. spans and

2 B strand length less than 100 ft.
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strand tension based on an appliedload of P=6,0001b
(2,722 kg) (design approach scenario (3)) is conser-
vative compared to design approach scenario (2).

o Final strand tension based on the energy method
can be used without applying a load factor of 1.6
(which has been used in the past). The study and
testing show that for cases where the energy method
controls since the strand tension using the energy
method is already higher than that from the IBC
Code (design approach scenario (2)), further magni-
fication of the strand tension may not be necessary.

SHORT SPANS

Short span conditions can sometimes occur in
garages with either short spans along the main runs
or in isolated areas on a floor. Short spans often pose
a problem because the final strand tensions in short
spans can become larger than the yield strength of the

strand. The high force in short spans is evident in Table 3
and 4, which show that for short spans and short strand
lengths, regardless of what method is used in the design,
the strand forces keep increasing as the span and strand
length keep decreasing.

Short spans should always be designed using the
energy method, as evident from the discussions in the
previous sections. In most instances, spans shorter than
1S ft (S m) should be designed using an alternate barrier
system such as a partial or full height bumper or barrier
wall or structural steel system without strands or adding
posts at or less than S ft (2 m) apart so that a vehicle will
impact the post rather than the cable. In most instances,
it is a matter of educating the architect, owner, or
contractor to consider alternate barrier systems to avoid
the problems associated with short span conditions. An
example of the design of short spans is provided in the
Post-Tensioning Manual, 7th Edition.”

Table 4—Comparison of final strand tensions for various design approach scenarios for a 20 ft (6 m) span length.

Final Strand
SPAN Tension for IBC | Final Strand Tension Initial Tension is
Length of Final Strand Static Load for IBC Static Load Energy Deflection based on larger | Ratio of | Ratio of
LENGTH Strand from | Tension f_ur Deflectio_n based on| P=3200# .(1.6 witl:n 1.6 factor appli_ed Method based on tension to sa'tisfy Seriesd | Serizsa
Anchor to IBC Static IBC Static Load P = | factor applied to |to Final Strand Tension| without a Energy SAG or a maximum T -
20 FT Anchor Load P=2000# 2000# the Load P) from Series 1 factor Method deflection of 18” Flites Series:2
(feet) (pounds) (inches) (pounds) (pounds) (pounds) (inches) (pounds)
Desi - =
esign Design Dl AnTtoa Design
n Approach Approach . Approach
: 3 Series 3 =
Series 1 Series 2 Series 4
270 7223 16.61 9004 11557 7104 17.32 2350 0.98 0.79
216 7577 15.84 9543 12123 7856 16.66 2350 1.04 0.82
162 8096 14.82 10310 12954 8969 15.81 2350 1.11 0.87
90 9382 12.79 12156 15011 11848 14.11 2350 1.26 0.97
72 9955 12.05 12965 15928 13194 13.48 2350 1.33 1.02
54 10769 11.14 14106 17230 45175 12.69 2350 1.41 1.08
36 12073 9.94 15922 19317 18511 11.62 2350 1.53 1.16
30 12724 9.43 16824 20358 20250 11.17 2350 1.59 1.20
27 13120 9.15 17372 20992 21331 10.91 2350 1.63 1.23
20 14330 8.37 19045 22928 24746 10.19 2350 1.73 1.30
Strand Force Comparison for different design approaches for 20 FT SPAN
30000
s w0 ‘_“ Greater of Approach 2 and 4
% 20000 g o4 proposed for design (red-dashed line)
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Table 5—Comparison of final strand tensions for various design approach scenarios for a 27 ft (8 m) span length.

Final Strand
SPAN Tension for IBC | Final Strand Tension Initial Tension is
Length of Final Strand Static Load for IBC Static Load Energy Deflection based on larger Ratio of | Ratio of
LENGTH Strand from | Tension for |Deflection based on| P=3200# (1.6 |with 1.6 factor applied| Method based on tension to satisfy i .
; . = i " ; i i Series 4 | Series 4
Anchor to IBC Static IBC Static Load P = | factor applied to |to Final Strand Tension| withouta Energy SAG or a maximum - =
27 FT Anchor Load P=2000# 20004 the Load P) from Series 1 factor Method deflection of 18" | SeTies 1 | Series 2
(feet) (pounds) (inches) (pounds) (pounds) (pounds) (inches) (pounds)
Desi s 7
esign Design Design Approach Design
(1 Approach Approach . Approach
. ; Series 3 .
Series 1 Series 2 Series 4
270 9039 17.92 10691 14462 7495 19.76 3350 0.83 0.70
216 9326 17.37 11243 14922 8210 19.13 3350 0.88 0.73
162 9797 16.54 12045 15675 9281 18.3 3350 0.95 0.77
90 11077 14.62 14015 17723 12086 16.55 3350 1.09 0.86
72 11673 13.88 14889 18677 13408 15.88 3350 1.15 0.90
54 12532 12.93 16128 20051 15361 15.02 3350 1.23 0.95
36 13926 11.63 18108 22282 18664 13.85 3350 1.34 1.03
30 14629 11.07 19095 23406 20390 13.33 3350 1.39 1.07
27 15057 10.76 19696 24091 21464 13.04 3350 1.43 1.09
Strand Force Comparison for different design approaches for 27 FT SPAN
30000
25000 Greater of Approach 2 and 4
5 & proposed for design (red-dashed line)
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RECOMMENDATIONS FOR DESIGN
Minimum Requirements for Design

Based on a comprehensive review of the PTI barrier
cable tests, the extensive analytical study presented previ-
ously, and current industry design practice, the following
minimum requirements for the design of barrier cables
are recommended for use. The licensed design profes-
sional may consider additional safety factors depending
on project requirements and at their discretion.

While the IBC code requires the use of the equivalent
staticload method with an applied service load 0of 6,000 1b
(2,722 kg) and a factored load of 9,600 Ib (4,354 kg) on
the barrier cable system, the current research has shown
that for short spans and short strand lengths as described
previously, the IBC method may not be conservative.

The minimum design recommendations that follow
not only satisfy the IBC requirements but also go beyond
code requirements by providing a safe design approach
for short spans. It should be noted that the licensed design
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professional must comply with the governing code, local
jurisdiction, and any other design requirements stated in
the contract documents for the project. The requirements
presented are for calculating the final strand tension to be
used for the design of the anchorages, connecting compo-
nents (internally or externally mounted assemblies), end
supports (columns, posts, walls, etc.), and structural ele-
ments that transfer the reactions to the structure.

For strength design using the LRFD method for
the barrier cable system, the final strand tension can be
calculated as follows. The methods for these calculations
have been provided in previous sections in this paper:

e Step#1: Determine initial strand tension based on the
larger strand force value required to satisfy minimum
SAG and “project” deflection criteria under service
load. Typically, an 18 in. (46 cm) maximum deflec-
tion at vehicle impact is recommended.

o Step #2: Determine final strand tension using the
equivalent static load method with an applied Load



Table 6—Comparison of final strand tensions for various design approach scenarios for a 30 ft (9 m) span length.

5000

Energy Method does not control
compared to Approach (2) for 30 ft.

spans —e—Seriesl

P = 9,600 b (4,354 kg) impacting three cables.
Calculate the difference between the final and initial
tension (increase in tension after impact).

Step #3: Determine the final strand tension using
the energy method (for a 5,000 1b [2,268 kg] vehicle
traveling at S mph [8 kph]) impacting three cables.
Calculate the difference between the final and initial
tension (increase in tension after impact).

Step #4: Determine the greater of the increase in
tension value from Step #2 and Step #3.

Step #S: The final strand tension for strength = (1.2 X
initial strand tension + value from Step #4). The 1.2
value represents the load factor for jacking forces
in the ACI Code.* This value must be applied to all
tensioned cables in a barrier cable system.

Step #6: Check the yield strength of the strand mate-
rial. Compare force with 0.9f,, x A,.

For design using the allowable stress design (ASD)

method for the barrier cable system, the final strand
tension can be calculated as follows. It is recommended

Final Strand
SPAN Tension for IBC | Final Strand Tension Initial Tension is
Length of Final Strand Static Load for IBC Static Load Energy Deflection based on larger | Ratio of | Ratio of
LEN GTH Strand from | Tension f.or Deflectio.n based o_n P=3200# _(1.6 witP-| 1.6 factor appli_ed I'\.!'Iethod based on tension to sa_tisfy Seriood | \serios 4
Anchor to IBC Static IBC Static Load P = | factor applied to |to Final Strand Tension| without a Energy SAG or a maximum - -
30 FT Anchor Load P=2000# 2000# the Load P) from Series 1 factor Method deflection of 18" Series 1 [ Series 2
(feet) (pounds) (inches) (pounds) (pounds) (pounds) (inches) (pounds)
Desi Desi Desi
esign esign ek Abioath esign
n Approach Approach X Approach
; : Series 3 ;
Series 1 Series 2 Series 4
270 10081 17.86 11514 16130 rirelil 20.43 3850 0.77 0.67
216 10280 17.51 12053 16448 8427 19.84 3850 0.82 0.70
162 10678 16.86 12849 17085 9473 19.04 3850 0.89 0.74
90 11890 15.14 14839 19024 12234 17.32 3850 1.03 0.82
72 12478 14.43 15730 19965 13542 16.66 3850 1.09 0.86
60 13009 13.84 16517 20814 14734 16.11 3850 1.13 0.89
54 13337 13.5 16998 21339 15478 15.8 3850 1.16 0.91
36 14749 12.2 19031 23598 18760 14.6 3850 1.27 0.99
30 15464 11.64 20047 24742 20479 14.08 3850 1.32 1.02
Strand Force Comparison for different design approaches for 30 FT SPAN
30000
Greater of Approach 2 and 4
_ 25000 /proposed for design (red-dashed line)
=]
E 20000 Somnn =
2 15000 S
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that the LRFD method be used for short spans.

Step #1: Determine the initial strand tension based on
the larger strand force value required to satisfy min-
imum SAG and “project” deflection criteria under
service load. Typically, an 18 in. (46 cm) maximum
is recommended.

Step #2: Determine the final strand tension using the
equivalent static load method with an applied Load
P =6,0001b (2,722 kg) impacting three cables. Take
the difference between the final and initial tension
(increase in tension after impact).

Step #3: Check the yield stress of the strand material
along the strand length, which will serve as the factor
of safety. Compare the stress with 0.6f,,.

SUMMARY AND CONCLUSIONS

PTI conducted industry-wide surveys of engineering

firmsin 2018 and 2022 with a series of questions pertaining
to the overall design of barrier cable systems, including the
design of short-span conditions. The responses from the
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surveys indicated that there was a general lack of guidance
and consistency in the type of method and safety factors
used in the designs. Many firms were not sure how to
address or offer solutions for short-span conditions.

PTI decided to lead an effort to conduct a compre-
hensive series of static and dynamic tests of barrier cables
for parking structure applications to provide further
guidance and uniformity for designing these systems and
to provide solutions for handling short-span conditions.

This paper presents the details and results of the static
and dynamic tests of the barrier cables and a comparison
between the analytically computed strand tension and
deflection values and the measured values from the tests.
Results of a comprehensive analytical study covering the
gamut of different garage spans and barrier cable lengths
that a design professional would encounter in practice
are also presented.

The following conclusions were derived from the
tests and various analyses performed.

a. The testing showed that the strand tension and
deflection in the cable at impact for the static and
dynamic tests compare favorably with the analyti-
cally computed values from the equivalent static load
and energy method, respectively.

b. The final measured strand tension values for both the
static and dynamic tests were consistently lower than
the analytically computed values.

c. One of the explanations for the reduced value can
be attributed to the lateral displacement of the end
supports at impact. End support members, such
as columns in a garage, whether between floors or
acting as a cantilever at the roof level, will undergo
some amount of movement at impact.

d. Considering the effects of both equilibrium and
strain compatibility, and optionally, the end move-
ment of supports, provides a more accurate represen-
tation of strand behavior in a barrier cable system at
impact. Computed values considering strain compat-
ibility resulted in strand tension and strand deflec-
tion values much closer to the values observed in the
tests.

e. Based on the favorable comparison between the
observed and computed strand and deflection values
atimpactinall tests, the equivalent staticload method
and the energy method, with or without considering
strain compatibility, are suitable for design.

f. Final strand tensions using the energy method are
higher than the equivalent static load method with
an applied factored load P = 9,600 Ib (4,354 kg) for
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short spans (18 to 20 ft [S to 6 m]) and strand lengths
less than 100 ft (30 m).

g. For all other span length and strand length combi-
nations, the equivalent static load method with an
applied factoredload P=9,6001b (4,354 kg) produces
higher strand tensions than the energy method.

h. Final strand tension based on the energy method can
be used without applying a load factor of 1.6, which
has been used in the past. The analytical study and
testing showed that for barrier spans and lengths
(mainly short spans) where the energy method
controls, further magnification of the strand tension
may not be necessary because the strand tension
using the energy method is already higher than that
from the equivalent static load method using an
applied factored load P = 9,600 1b (4,354 kg).

i. WhiletheIBC code specifiesastatic applied serviceload
of 6,000 1b (2,722 kg) and a factored load of 9,600 1b
(4,354 kg) on the barrier cable system, the current
research has shown that for short spans and short strand
lengths, the IBC method may not be conservative.
Basedontheresults of theanalyticaland experimental

work, recommendationsfor designingbarrier cable systems
for vehicular impact are presented. The minimum design
recommendations not only satisfy the IBC requirements
but also go beyond the code requirements by providing a
safe design approach for short spans. These recommenda-
tions have been published in the Post-Tensioning Manual,
7th Edition,” along with design examples.
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Appendix A
Galvanized Barrier Strand Mill Certification

Galvanized Barrier Test Strand Properties (270K):

A =0.155 in.? (0.100 cm?)

E, =28.870 ksi (199.052 MPa)

F, (Actual) = 41.129 kips (265.4 ksi) or 18.656 T (1,829.9 MPa)
F (Actual)= 44.112 kips (284.6 ksi) or 20.009 T (1,962.2 MPa)
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Appendix B
WJE Field Report

WJE

SITE VISIT REPORT No. 01 | January 25, 2022
PTI Barrier Cable Static and Dynamic Tests

Witness barrier cable testing performed by Baxi Engineering, Inc. and
Suncoast Post-Tension

www.wje.com

REPORT DATE February 2, 2022 WJE PROJECT NO.  2022.0299
REPORTED BY Roger Pelletier WJE PROJECT MGR. John Pearson
OWNER/ - )
CLIENT Post-Tensioning Institute
DISTRIBUTION Baxi Engineering
PRESENT AT SITE Asit Baxi - Baxi Engineering, Inc. Post-Tensioning Institute

Roger Pelletier - WJE
Russ Price - Suncoast Post-
Tension

On Tuesday, January 25, 2022, barrier cable testing was performed at Suncoast Post-Tension facilities at
15422 Lillja Road, Houston, Texas. Static and dynamic testing was performed on an anchored galvanized
barrier cable to determine performance. Testing was conducted by representatives of Baxi Engineering.

A steel frame consisting of welded hollow structural steel sections was used to support the barrier cable.
The test frame is approximately 20-ft long with braced bulkheads on either end (Figure 1). Anchorages
were used on either end to anchor the barrier cable (Figure 2). A '2-in diameter galvanized barrier cable
spanned between and was anchored to the bulk heads. The barrier cable was stressed to a predetermined
load prior to testing. A load cell was placed between an anchor and bulkhead to measure post-tensioning
force as well as reaction load during the tests. Dial gages were positioned at each bulkhead to measure
bulkhead displacement during loading. A large steel pipe was positioned at the center of the steel frame
and used to guide the weight used for static and dynamic loading of the barrier cable. A tape measure
was placed vertically along a slot opening in the weight guide to measure center span deflection of the
barrier cable. Loading the barrier cable was accomplished by using a steel weight (Figure 3). The steel
weight weighed 1630 Ibs.

A series of two static and two dynamic tests were performed. Testing generally consisted of pretensioning
the barrier cable, applying a static or dynamic load, and measuring the cable load and cable deflection.

The first series of tests were static tests conducted by lowering the steel weight onto the strand. The
barrier cable load, as measured by the load cells, was recorded. The static test was performed five times
by applying the steel weight, measuring the barrier cable reaction load, and removing the steel weight. A
dynamic test was then conducted by dropping the steel weight from a height of 10-in. Peak force in the
cable was recorded. The dynamic test was performed three times.

A second series of static tests were performed. Prior to performing the second series of tests, the
pretension in the barrier cable was increased. This series of static tests was performed three times. A
second series of dynamic tests was then conducted by dropping the steel weight from a height of 14%2-in.
This series of tests was performed five times.
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PTI Barrier Cable Static and Dynamic Tests
Witness barrier cable testing performed by Baxi Engineering, Inc. and
Suncoast Post-Tension
Below listed in Table 1 are the test number designation, preload value before each test, peak load value in
the barrier cable when loaded.
Table 1. Static and Dynamic Test Values
- A Center Span
Load Cell Initial Barrier 5
Test Type Test Number — Cable Load (Ibf) Peak Load (Ibf) DISPIZE‘T‘EM
LE 3218 12,040
1.1 8.00
LG2 3268 12,099
K] 3003 11,963
a2 7.81
Lc2 3068 12,022
K& 2989 11,924
Static 1.3 7.81
Lc2 3057 12,053
L&A 3007 11,940
1.4 7.81
LC2 3072 11,986
e 3002 11,546
i) 7.81
LC2 3068 11,697
LC1 3831 33,651
11 14.85
LC2 3901 33,761
ic = 10-i LC1 3717 34,149
Dynamic — 10-in 12 1485
drop Lc2 3788 33,796
LC1 3617 34,149
1.3 14.97
LE2 3788 33,796
LC1 6111 13,450
2.1 7.13
LC2 6165 13,162
LC1 6099 13,397
Static 2.2 7
LC 2 6157 13,080
LG 6096 13,373
23 TE ]
LC 2 6157 13,096
LC1 5836 34,559
21 14.28
LC2 5908 33,691
LC1 5766 34,337
2.2 14.44
LC2 5842 33,497
LC1 5715 33,952
2.3 14.50
Dynamic — 14V2-in Lc2 5794 33,392
drop LG 5690 35,993
2.4 Bottomed
Lc2 5761 35,538
LC1 7224 37,659
2.5 15.13
LC2 217 36,452
LC 1 6454 37213
2.6 Bottomed
Lc2 6533 36,617
SITE VISIT REPORT No. 01 | WIE No. 2022.0299 | January 25, 2022 Page 2
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PTI Barrier Cable Static and Dynamic Tests
Witness barrier cable testing performed by Baxi Engineering, Inc. and

Suncoast Post-Tension

It is noted that after Dynamic Test 2.4 the barrier cable was restressed to a load of 7200 Ibf before
performing Dynamic Test 2.5. After the tests the drop weight was weighed and did not indicate a load
change.

SITE VISIT REPORT No. 01 | WIE No. 2022.0299 | January 25, 2022 Page 3
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PTI Barrier Cable Static and Dynamic Tests
Witness barrier cable testing performed by Baxi Engineering, Inc. and

Suncoast Post-Tension

Figure 1. Test frame

Figure 2. Bulkhead ith barrier cable anchorage and load cell

SITE VISIT REPORT No. 01 | WIJE No. 2022.0299 | January 25, 2022 Page 4

80 Issue 12025 | PTI JOURNAL



PTI Barrier Cable Static and Dynamic Tests
Witness barrier cable testing performed by Baxi Engineering, Inc. and

Suncoast Post-Tension

Figure 3. Steel weight used for loading.

SITE VISIT REPORT No. 01 | WIE No. 2022.0299 | January 25, 2022 Page 5
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Appendix C.1
Stainless Steel Barrier Strand Mill Certification

Stainless Steel Barrier Test Strand Properties (240K):
A,=0.1723 in.? (1.1116 cm?)

E, = 23.800 ksi (164.095 MPa)

F, (Actual) = 38.319 kips (222.4 ksi) or 17.381 T (1,533.4 MPa)
F, (Actual) = 40.751 kips (236.5 ksi) or 18.485 T (1,630.6 MPa)

Load - Elongation Curve

For Uncoated Seven Wire Steel Strand for Prestressed Concrete
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* Vertical Line is drawn at 1% Extension Under Load
* Tested to ASTM A1061 Standards

Curve Number D490001

Size 052 in
Grade 240 Ksi
Yield Point 38,319 Ibf

Actual Area 0.1723 in? Swpc
As Tested Modulus 23.8 Msi
Breaking Strength 40,751 Ibf
Elongation 14 %

Diameter OW 1 4.45 mm
Diameter OW 2 4.45 mm
Diameter OW 3 4.45 mm
Diameter OW 4 4.45 mm
Diameter OW 5 4.45 mm
Diameter OW 6 4.47 mm
Diameter CW 4.59 mm
Date Tested 7/16/2020
Tested By darryl /"T;‘f}_, t_; & ._‘, "e _—

Approval

Curve D490001

Sumiden Wire Preducts Corporation - PC Strand Division - 710 Marshall Stuart Drive, Dickson, TN 37055 - Phone - (615) 446-3199
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SUMIDEN WIRE

PRODUCTS CORPORATION ——

Prestressed Concrete Strand Division
EAST: 710 MARSHALL STUART DR - DICKSON, TN 37055 - (615) 446-3199
TEXAS: 1800 HIGHWAY 146 « DAYTON, TX 77535 « (936) 257-6030

WEST: 1412 EL PINAL DR » STOCKTON, CA 95205 - (209) 466-8924

MILL CERTIFICATE OF INSPECTION

Order Number: SLPC220787-1

Page No : 1 OF 1

B/L No: SIPC221938 Issue Date 06/17/2022
Commodity: Steel Strand, Uncoated Seven Wire for Prestressed Concrete
Size & Grade: 0.52" x 240 KSI Stainless
Specification: ASTM Al1114 - Low Relaxation
Customer Name: SUNCOAST POST-TENSION, LTD.
Customer P.0O.: SAMPLES
Destination: SUNCOAST-TX
State Job No:
No Pack # Heat # B3 Elong. PP Area E-Modulus CURVE#
Min:40,100 1.4 36,100 23.0
(LB) (%) (LB) (IN2) (MPSI)
1 D490001-10 DNAHS59B 40,751 1.4 38,319 0.1723 23.8 D490001

Note 1: Total elongation is below the expected minimum elongation of 3.5%.

We hereby certify that:

* We have accurately carried out the inspection of COMMODITY and met

the requirements in accordance with the applicable SPECIFICATION listed above.

* The raw material, and all manufacturing processes used in the producticn of the
COMMODITY described above occurred in the USA, in compliance with the Buy America
requirements of 23 CFR 635.410. The steel was melted and manufactured in the USA.
* The material described above will bond to concrete of a normal strength and
consistency in conformance with the prediction equations for transfer and
development length given in the ACI/AASHTO specifications.

* The individual below has the authority to make this certificate legally binding for
SWPC.

i

'_,-" ff-"’-\. éf ’
_} ]

5

l*Q’ & ;fi-

Quality Assurance Section
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Appendix C.2
Stainless Steel Barrier Strand Test Results

STAINLESS STEEL BARRIER CABLE TESTS - on 06-17-22

LOAD CELL - STRAND

EESTDESCRIETOB QUEE FORCE INITIAL (T;) in Ibs
Average
(from both ends)
Test# 1 STATIC 3895
Test# 2 STATIC 3776
Test# 3 STATIC 3746
Test# 4 with 10 inch drop (5 mph) DYNAMIC 4237
Test# 5 with 10 inch drop (5 mph) DYNAMIC 3728
Test# 6 with 10 inch drop (5 mph) DYNAMIC 3630

MEASURED VALUES

LOAD CELL - STRAND
FORCE AT IMPACT (T;) in

Ibs

Average

(from both ends)
12012
12106
12083

32550
32472
32158

LOAD CELL -
STRAND FORCE
after Impact (Ibs)

3730
3690
3628

Initial

(inches) (inches)

Deflection of  End Support End Support
Strand at Impact Movementon Movement on
(as) ininches  Dial Gage End-1 Dial Gage End-2

Final

(x 0.001 inches) (x 0.001 inches)

31.56 23.63 7.93 10.00 8.00
31.56 23.60 7.96 - 8.00
31.56 23.63 7.93 9.00 8.00
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