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ABSTRACT
CPVC pipes are cheaper and easier to install than steel pipes, but due to the high flexibility of
CPVC, a major concern is the large swing of branch lines during earthquake induced motions.
NFPA 13 defines spacing requirements for braces and restraints based on the pipe bending
strength, but does not limit the swing. Shake table tests and numerical simulations show that the
swing of CPVC branch lines can be limited to an acceptable level if the ends are braced and the
spacing of restraints follows the NFPA 13 requirements for CPVC, or if restraint spacing is
reduced to about half of that currently allowed in NFPA 13.
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CPVC pipes are cheaper and easier to install than steel pipes, but due to the high flexibility of CPVC,
a major concern is the large swing of branch lines during earthquake induced motions. NFPA 13
defines spacing requirements for braces and restraints based on the pipe bending strength, but does
not limit the swing. Shake table tests and numerical simulations show that the swing of CPVC
branch lines can be limited to an acceptable level if the ends are braced and the spacing of restraints
follows the NFPA 13 requirements for CPVC, or if restraint spacing is reduced to about half of that
currently allowed in NFPA 13.

Introduction
Chlorinated polyvinyl chloride (CPVC) sprinkler pipes are gaining popularity due to their low cost
and easy installation. However, with a modulus of elasticity roughly 64 times less than that of
steel, CPVC pipes are highly flexible and deflect more during earthquakes than steel pipes.
Excessive swing can lead to potential damage from impact with surroundings, stress on joints, and
excessive movement of sprinkler heads and consequent damage by interaction with ceiling
components. Tests at the University at Buffalo, State University of New York [1] showed that
CPVC branch lines can rupture at the joint to a main if the CPVC pipe swings as a cantilever due
to loss of lateral restraints at the end of the branch line.
In this study, we investigate the seismic behavior of CPVC sprinkler branch lines under strong
earthquake motions. Shake table tests and numerical simulations were performed with varying
support spacing and conditions. Specifically, the effect of rigid longitudinal and lateral braces at
the end of a branch line was evaluated. During an earthquake, the braces induce tensile forces in
the pipe that prevent excessive swing along its length. These braces also prevent the possible
scenario of a failing lateral restraint at the end of a branch line and the consequential cantilever
swing [1].
To evaluate the best-case scenario with respect to limiting branch line swing, the branch line-tomain connection in all tests was represented by a brace (i.e., assumed to be fixed, resisting both
translation and moment). The effect of all conditions that may exist in actual sprinkler systems
(e.g., use of branch line riser nipples at the main, use of CPVC vs. steel mains, orientation [angle
from vertical] and type [rigid vs. cable] of cross main lateral bracing) on these fixed end condition
assumptions were not part of this study and not evaluated, nor was the adequacy of branch line-tomain connections to resist the required forces and moments confirmed.
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Shake Table Tests

Figure 1: Test setup, consisting of a 21 ft long steel frame and CPVC pipe supported by hangers,
braces, and restraints on the 10 by 10 ft FM Global shake table.
Figure 1 shows a typical shake table test setup. The right end of the pipe was braced in the lateral
and longitudinal direction throughout all tests to represent the connection to a fixed cross-main.
That implied neglecting any lateral swing of the cross main, or deflection of the branch line-tomain connection (e.g., through a branch line riser), during the earthquake. The left pipe end
represented the end of a branch line, and was either laterally restrained by a short hanger or wire
restraint (Figure 1, left) or braced in all directions (Figure 2, left). Restraints resist lateral loads to
a lesser degree than braces; unlike braces, restraints do not restrict rotation or sliding of the pipe.
In this paper, “restrained” always refers to a lateral restraint while “braced” refers to both lateral
and longitudinal braces, as shown in Figure 2, left.

Figure 2: Longitudinal and lateral braces on the branch line end (left). Midspan test setup showing
hinged hanger, accelerometers, and string potentiometers (right).

Because of the size constraints of the shake table, the maximum tested length between the supports
was 19 ft, and only a single span between supports could be tested. All tests were performed with
and without a midspan hanger (Figure 2, right). The hinged top connection of the midspan hanger
allowed it to swing like a pendulum. That means it was conservatively assumed that hangers either
act as pendulums, or fail, but do not provide lateral resistance during earthquakes. Accelerometers
and string potentiometers were connected to the pipe midspan to measure lateral and vertical pipe
motion.
We selected a ChiChi earthquake acceleration record scaled to match the AC156 response
spectrum [2] for the roof level of a building in the most severe earthquake region in the U.S., and
we created an artificial record to match the AC156 response spectrum more closely (Figure 3).

Figure 3: Acceleration records in time domain (upper panels) and response spectra (lower panels)
of the scaled ChiChi earthquake (left column) and the AC156 artificial record (right
column).

Measured pipe swing
Figures 4 and 5 show the measured maximum lateral swing for 1 to 2 in. diameter pipes for
different support configurations. Results are grouped by restraints (short hangers and wire
restraints), and braced ends. Cubic polynomial curve fits are plotted for each group. Dashed and
solid lines represent tests with and without midspan hangers, respectively.

Figure 4: Maximum lateral swing for all support conditions and ChiChi input motion. Each curve
represents the mean of four pipe diameters (1, 1¼, 1½, and 2 in.; see legend in lower
right panel).

Figure 5: Maximum lateral swing for all support conditions and AC156 artificial record input.
Each curve represents the mean of four pipe diameters (1, 1¼, 1½, and 2 in.; see legend
in lower right panel).

For the ChiChi earthquake (Figure 4), the largest swing occurred for restraints without a midspan
hanger (upper right panel). A midspan hanger reduced the pipe sag between the two end supports
and reduced the swing (upper left panel). End braces (lower panels) reduced the swing. Loss of a
midspan hanger had negligible effect with braced ends because, in contrast to the restrained end,
no additional pipe sag occurred.
Likewise, for the AC156 artificial record (Figure 5), a midspan hanger had little effect for braced
ends. Here, the swing for restraints with a midspan hanger flattens out for spacing above 15 ft.
Note also that a moderate decrease in swing of restraints with midhanger occurred for the ChiChi
earthquake for spacing above 17 ft. These two effects do not represent a general result but are due
to the low power of the input records for low frequencies which correspond to the resonance
frequencies of setups with restraints and large spacing. This “frequency effect” is more dominant
for the AC156 artificial record because it has less power than the ChiChi earthquake in the low
frequency range of 0.8-1.3 Hz (Figure 3).
Simulated pipe swing
All test results were compared to Abaqus [3] simulations. Restraints were modeled as roller
supports, as the pipe is supported in the lateral and vertical direction, but can slide and rotate
(Figure 1, left). Braces were modeled as fully fixed supports, assuming that all degrees of freedom
are restricted at the pipe’s attachment point (Figure 2). Midspan hangers were modeled as 1 ft long
pendulums (Figure 2, right). In the simulations, we applied damping as Rayleigh damping. We
used a Young’s modulus of 450 ksi for the CPVC pipes, based on internal tests at FM Global.
The comparison between tests and simulations (not presented here) showed that modeling
restraints as ideal rollers tends to slightly overestimate the pipe swing, as sliding of the pipe within
the restraints is resisted by friction. Modeling braces as ideal fixed supports tends to slightly
underestimate the pipe swing, because, depending on the installation, braces allow minor “give”
and rotation of the pipe. Overall, however, modeling the restraints as roller supports and the braces
as fixed supports resulted in reasonably good agreement between tests and simulations.
Satisfied by the validation of the numerical results, we performed further simulations to investigate
the effects of hangers and pipe diameter, and to compare three-span and one-span behavior. The
maximum swing for all CPVC pipe diameters due to the ChiChi earthquake and the AC156
artificial record were simulated for eight structural models and for eight different support span
distances (10, 14, 17, 20, 22, 24, 27, and 30 ft) corresponding to the assumed location of restraints
on the branch line. In the shake table tests, one pipe end was always fully braced to imitate a fixed
connection to a steel cross main. These conditions were adopted in the simulations for model
validation. In additional simulations, we allowed rotations on both ends of restrained models and
fixed both ends for braced models, to see the effect between restrained and braced end conditions.
We used Rayleigh damping of 8%, the mean measured damping ratio from the shake table tests.
Hangers were modeled as infinitely long pendulums by restricting vertical motion but allowing all
other degrees of freedom at the attachment point between pipe and hanger bracket. The number of
hangers was determined by the maximum allowable spacing given by NFPA 13.

The maximum lateral swing for all simulations and the corresponding structural models is plotted
in Figures 6 and 7 for the ChiChi earthquake and the AC156 artificial record, respectively.

Figure 6: Swing due to ChiChi for all models. Abscissas indicate the span lengths. The lines are
cubic polynomial fits; dashed lines are for models with hangers, solid lines for models
without hangers.

Figure 7: Swing due to AC156 for all models. Abscissas indicate the span lengths. The lines are
cubic polynomial fits; dashed lines are for models with hangers, solid lines for models
without hangers.
Similar to the shake table tests (Figures 4 and 5), the braced ends simulations effectively reduced
the swing of spans up to 17 ft long for the ChiChi (Figure 6) input and up to 14 ft long for the
AC156 input (Figure 7). The swing decrease for restrained models with larger spacing is more
evident in the simulations (Figures 6 and 7) than during the tests (Figures 4 and 5) because we
simulate spans up to 30 ft.

Again, a larger drop in swing due to the “frequency effect” is seen for the AC156 artificial record
(Figure 7) due to its lower power below 1.3 Hz (Figure 3). Note that swing does not drop with
longer spans in general, and the “frequency effect” does not justify longer spans. CPVC systems
may be exposed to low frequency building responses that excite the swing of long span pipes.
All swing results for restrained and braced ends from the Abaqus simulations are plotted in Figure
8. For each of the eight simulated restraint spacings, the maximum pipe swing is plotted for all
eight structural models and all four pipe diameters (1 in.,1 ¼ in., 1 ½ in., 2 in.). The solid line
represents the mean of the 16 simulated cases with restrained ends (open circles). The dashed line
represents the mean of the 16 simulated cases with braced ends (filled circles). The light and dark
grey areas correspond to all restrained and braced simulations, respectively.

Figure 8: Maximum lateral swing for the ChiChi earthquake (top) and AC156 artificial record
(bottom) for all simulations.
The mean swing of the braced (dashed lines) and restrained (solid lines) CPVC simulations in
Figure 8 are replotted in Figure 9 and compared with the simulations for a restrained one-span
steel model without hangers (the dotted line represents the mean swing for 1 to 2 inch diameter
steel pipe). The filled circles represent the swing of restrained CPVC pipes with NFPA 13 spacing
for Cp>0.71 and the empty squares represent the swing of the CPVC pipes with end bracing with
NFPA 13 restraint spacing for CPVC. The filled squares represent the swing of the restrained steel
pipes with NFPA 13 spacing for steel (larger for steel than for CPVC).

The swing of the braced CPVC pipes (empty squares) is always lower than the restrained steel
pipe swing (filled squares). For the AC156 record, the swing of restrained CPVC pipes (filled
circles) even remains below the swing of the braced CPVC pipes (filled squares). Again, the drop
in swing is due to the low power of the ChiChi earthquake and, in particular, the AC156 record, at
low frequencies. For different earthquake excitation, the swing of restrained CPVC pipes may
exceed that of the steel pipes.
The empty circles represent the swing of CPVC pipes that are restrained with half the NFPA 13
spacing. Note that doubling the restraints leads to a swing that is comparable with bracing the
branch line end (compare empty circles with empty squares).

Figure 9: Comparison of all braced and restrained CPVC simulations with the simulated swing of
a restrained one-span steel model without hangers. The three shaded areas mark (a) half
the NFPA 13 restraint spacing for CPVC (left area), (b) the NFPA 13 restraint spacing
for CPVC (center area), and (c) the NFPA 13 restraint spacing for steel pipes (right
area).

Conclusions
This study investigated the seismic behavior of CPVC branch lines that are rigidly attached to steel
cross mains. Shake table tests and numerical simulations for 1 to 2 in. pipe diameters, including
braces, hangers, and restraints were performed to correlate the swing with the spacing between
lateral restraints, and to investigate the effect of bracing the ends of CPVC branch lines with rigid
lateral and longitudinal braces.
Results show that large swing of CPVC branch lines is possible under NFPA 13 restraint spacing.
Supplementing the restraints with a lateral and a longitudinal brace at the end of a branch line can
effectively reduce the swing (for the idealized assumptions of a rigid connection at the CPVC
branch line to the steel main, and no translation or rotation of the steel main at braced locations),
which will reduce potentially damaging interaction with other building components, and prevent
cantilever swing associated with failure of an end restraint. A comparable reduction in swing
(without adding the lateral and longitudinal braces) can be achieved by using restraints at half the
spacing currently allowed in NFPA 13 (i.e., doubling the number of restraints).
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