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Executive Summary
Exponent, Inc. (Exponent) was retained to investigate two pipe spans of Line 191-1 pipeline in
Briones Regional Park, Lafayette, California. Our investigation included a stress analysis of the
pipe spans, and potential impact from wildland fires, falling trees, and seismic activity.
Two pipe spans in Briones Regional Park were analyzed: the “Buckeye Ranch Trail” span near
Mile Point
, and the “Girl Scout Camp” span near Mile Point
. Stress calculations
were performed according to the ASME B31.8 code for gas transmission and distribution piping
systems, first with no external forces, then with consideration to various external forces (i.e. tree
impact, ground shaking from earthquake, etc.). Safety factors were calculated relative to the
maximum allowable stress on the pipe per ASME B31.8, and also relative to the as-measured
yield strength of the pipe. Discussions of safety factors below are with respect to maximum
allowable pipe stress per ASME B31.8 and the as-measured yield strength of the pipe.
The potential impact of a wildland fire was determined by comparing the observed vegetation
surrounding the two spans to literature studies in which heat generation was measured for
similar vegetation conditions. The estimated pipe temperatures during a wildland fire were then
used to determine the reduction in material performance of the steel pipe, and therefore the
effects on the structural safety factors of each span.
The potential impact of falling trees on the spans was analyzed by calculating the equivalent
static force of a tapered rod (of appropriate dimensions and weight) falling onto the pipe. While
this simplified model allows for a baseline understanding of the possible effects of a tree falling,
it does not account for other variables, such as branches slowing the fall, counterweight from
buried roots, etc.
Geotechnical and seismic considerations were assessed through a desk study using published
data and maps from the U.S. Geological Survey and California Geological Survey.
Topography, geology, and seismic hazards were evaluated to ascertain the potential for
landsliding, debris-flows, surface fault rupture, liquefaction, and ground shaking effects.
Subsurface investigations and geologic mapping were not performed at the span locations.
Lastly, the Buckeye Ranch Trail span and surrounding geology were evaluated to determine, to
the extent possible, whether the span was designed as a span with a designed bend during
installation in 1952, or whether erosion could have exposed the subject pipe segment or
extended the length of an installed span. This work included an assessment of the extent of
erosion in the dry creek bed at the span location, a stress analysis of the observed bend in the
pipe, and an evaluation of the laid pipe profile.
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Conclusions
Based on our investigation, we have come to the following conclusions:
1. In the “as-is” condition (no outside forces), the Buckeye Ranch Trail span design safety
factor (compared to ASME B31.8 allowable stress, and the specified minimum yield
strength of the pipe) was between 3.5 and 1.1 for the “no residual stress” and “cold
bend” conditions, respectively, and 3.9 for the Girl Scout Camp span.
a. When safety factors are calculated relative to the actual measured yield strength
of the pipe, the resultant values are 5.0 and 1.5 for the Buckeye Ranch Trail in
the “no residual stress” and “cold bend” conditions respectively, and 5.6 for the
Girl Scout Camp span.
2. At the estimated pipe temperatures during a potential wildland fire, the calculated safety
factor relative to the ASME B31.8 allowable limits for the Buckeye Ranch Trail span is
between 0.8 and 0.5 (for the “no residual stress” and “cold bend” conditions), and was
0.8 for the Girl Scout Camp span. For this analysis, a safety factor less than 1.0 does not
indicate catastrophic failure, only that the elastic limit has been reached and plastic
deformation may occur in the form of pipe bending.
a. When safety factors are calculated for the wildland fire conditions relative to the
actual measured pipe yield strength, the resultant values are 1.1 and 0.7 for the
Buckeye Ranch Trail in the “no residual stress” and “cold bend” conditions
respectively, and 1.2 for the Girl Scout Camp span.
3. Mapped fault traces do not cross the pipe span locations (indicating little risk due to
surface fault rupture).
4. Ground shaking may be caused by earthquakes on faults in the vicinity. For the
estimated ground shaking, the ASME B31.8 safety factor for the Buckeye Ranch Trail
span was between 2.9 and 1.0, for the “no residual stress” and “cold bend” conditions,
respectively, and was 3.3 for the Girl Scout Camp span.
a. When safety factors are calculated for the ground shaking condition relative the
actual measured pipe yield strength, the resultant values are 4.1 and 1.4 for the
Buckeye Ranch Trail in the “no residual stress” and “cold bend” conditions
respectively, and 4.7 for the Girl Scout Camp span.
5. The analysis identified nine trees at the Buckeye Ranch Trail span and four trees at the
Girl Scout Camp span that, if fell, may result in a calculated safety factor of less than
1.0. 1

1

This analysis was performed using the most conservative assumptions of a cold bend, ASME B31.8 yield strength
derating factor of 0.9, and the specified minimum yield strength.
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6. Trees and surrounding brush in close proximity to the Buckeye Ranch Trail and Girl
Scout Camp spans serve to increase the temperatures to near 600 ºF in the case of a
wildland fire. Anticipated temperatures would be reduced in the absence of these trees
and surrounding brush. Removal of all vegetation within a 40-foot radius of the spans is
expected to reduce the temperature on the pipe sufficiently to increase the safety factor
above 1.0 for nearly all cases. 2
7. Based on geological and geotechnical analysis of the topography, a stress analysis of the
bend in the pipe, and terrain analysis including review of laser scan data, the Buckeye
Ranch Trail span was likely designed as a span on installation in 1952. Further, the bend
observed in the span was likely introduced intentionally during installation. We have
concluded that some erosion has occurred in the area since installation, though not
exposing enough length of the Buckeye Ranch Trail span to affect its load bearing
capacity.

2

Under the extreme case of cold-bend, ASME B31.8, the calculated safety factor is equal to 1.0 at a temperature of
150° F, which is below the temperature that would be expected in a wildland fire with a 40-foot radius of
clearance.
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Recommendations
Based on the results of our analysis, Exponent recommends that PG&E consider the following:
1. Exponent recommends PG&E consider removal of trees in the vicinity of the spans such
that the impact of any falling tree would not result in a calculated safety factors less than
1.0. These include nine trees at the Buckeye Ranch Trail span and four trees at the Girl
Scout Camp span, the locations of which are identified in the body of this report.
2. Exponent recommends PG&E consider removing trees and brush within a 40-foot radius
of the spans to reduce fuel in the case of a wildland fire.
3. PG&E should continue to monitor these locations for slope stability and future erosion
through their Geohazard Threat Identification and Mitigation Program.

Note that this Executive Summary does not contain all of Exponent’s technical evaluations,
analyses, conclusions, and recommendations. Hence, the main body of this report is at all times
the controlling document.
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Site Observations
Exponent personnel made site visits to the pipe spans on September 19th, September 20th, and
October 3rd, 2019. These visits included visual examination of the spans, basic measurements,
and an assessment of the surrounding terrain and vegetation. Tree height and distance-to-span
measurements were also collected. Previous to these site visits, PG&E personnel had collected
terrain-based laser scan data of both pipe spans, as well as pipe depth-of-cover data for Line
191-1. This data was used for additional dimensional analysis, and is referenced throughout the
report.
The Buckeye Ranch Trail span, shown in Figure 2, crosses over a dry creek bed with a total
span length of approximately 47 feet (measured from top-dead center) and a ground clearance of
approximately 10 feet at the bottom of the creek bed. The span exhibited an apparent bend. This
bend was measured to have an approximate radius of curvature of 184 feet 4, measured from the
laser scan cross section shown in Figure 3. The maximum deflection of the pipe is
approximately 16 inches, also measured from the laser scan data4. The pipe was observed to
have a hot-applied asphalt (coal tar) coating, a piece of which was collected for flammability
testing (discussed in the Coal Tar Coating Effects section of this report).

4

PG&E Applied Technology Services Report No. 006.3.1-19.6, “Stress and Strain Calculations of the Bend in Gas
Transmission Line 191-1, Briones Regional Park, Buckeye Ranch Trail Span.” (Appendix C).
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Figure 2. Photographs of the Buckeye Ranch Trail pipe span.
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Figure 3. Laser scan cross section of the Buckeye Ranch Trail pipe span.

The Girl Scout Camp span, shown in Figure 4, is located on an incline with a total span length
of approximately 40 feet (measured from top-dead center), and a maximum approximate ground
clearance of five feet. The unburied portion of the pipe had no measurable bend at the time of
inspection, as shown in the laser scan cross section (Figure 5). The pipe was observed to have a
hot-applied asphalt (coal tar) coating.
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Figure 4. Photographs of the Girl Scout Camp span.
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Figure 5. Laser scan cross section of the Girl Scout Camp span.
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Stress Analysis
The pipe spans at Buckeye Ranch Trail and at Girl Scout Camp carry gravity loads, internal
pressure, and thermal expansion under normal operating conditions. The pipe spans may also be
subjected to less common environmental loads such as thermal loads due to a wildfire, seismic
loads during earthquake-induced ground shaking, and external loads from trees or large
branches falling on the pipe spans. In this section of the report, the stress analysis approach is
discussed; in subsequent sections, the stress analysis for loads under normal operating
conditions and the stress states in less common environmental loads are discussed.

ASME B31.8 Calculations
The governing code for gas transmission piping systems is the ASME B31.8 code 5. This Code,
or standard, sets forth engineering requirements for the safe design of pressure piping. Chapter
III of the Code, in particular Section 833, sets forth requirements for the design for longitudinal
stress. The longitudinal stress is the most relevant for unsupported span stress analyses.
Longitudinal Stress Design

Following industry standard practice, the pipe span sections are assumed to be partially
restrained longitudinally, 6 and no rotation is possible at a distance of two pipe diameters into
the embankments.
The governing equation of the Code that defines the net longitudinal stress in restrained pipe is
given in Section 833.3(a),
𝑆𝑆𝐿𝐿 = 𝑆𝑆𝑃𝑃 + 𝑆𝑆𝑇𝑇 + 𝑆𝑆𝑋𝑋 + 𝑆𝑆𝐵𝐵

with the different components defined in previous sections of the Code, 833.2(b), 833.2(c),
833.2(f), and 833.3(d), respectively:
• The longitudinal stress due to internal pressure in restrained pipe:

with SH the hoop stress.
•

𝑆𝑆𝑃𝑃 = 0.3 𝑆𝑆𝐻𝐻

The longitudinal stress due to thermal expansion in fully restrained pipe:
𝑆𝑆𝑇𝑇 = 𝐸𝐸𝐸𝐸(𝑇𝑇1 − 𝑇𝑇2 )

5

ASME B31.8 – 2018, The American Society of Mechanical Engineers.

6

B31.8 makes the distinction between “restrained” and “unrestrained”. Although different engineering
interpretations can be given to the degree of restraint by the buried pipes adjacent to the above-ground
segments, it is assumed that the buried segments partially prevent axial displacement.
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where E the elastic modulus at ambient temperature
T1 the pipe temperature at time of installation, tie-in, or burial
T2 the warmest or coldest pipe operating temperature
α the coefficient of thermal expansion
The axial displacements of the above-ground section are not fully restrained by the soil.
In Appendix A, a Soil-Structure-Interaction (SSI) analysis is discussed to estimate the
degree of thermal stress relieved due to the partial restraints. Let RS be the thermal stress
reduction factor between one and zero due to the partial restraints, then the ASME B31.8
expression is modified as
𝑆𝑆𝑇𝑇 = 𝑅𝑅𝑆𝑆 𝐸𝐸𝐸𝐸(𝑇𝑇1 − 𝑇𝑇2 )

A RS factor equal to one would imply fully restrained, and a RS factor equal to zero
would imply an unrestrained condition. The SSI analyses performed for both spans result
in a thermal stress reduction factor between 1/3.4 and 1/4.9. For the evaluation of the
safety factor, a lower bound of RS = 1/3 will be applied.
•

The stress due to axial loading other than thermal expansion and pressure
𝑆𝑆𝑋𝑋 = 𝑅𝑅 ⁄𝐴𝐴

where R the external force axial component
A the pipe metal cross-sectional area
•

The nominal bending stress in straight pipe of large-radius bends due to weight or other
external loads
𝑆𝑆𝐵𝐵 = 𝑀𝑀⁄𝑍𝑍

where M the bending moment across the pipe cross section
Z the (elastic) pipe section modulus
Section 833.3(b) of the Code specifies the maximum permitted value of the net longitudinal
stress in restrained pipe as
|𝑆𝑆𝐿𝐿 | ≤ 0.9 𝑆𝑆 𝑇𝑇

where S the specified minimum yield strength, and T the temperature derating factor. A strength
derating factor of 0.9 is applied to the maximum permitted value in the equation above.
For restrained straight pipe, the Code also defines a limit to the combined stress in Section
833.4(a). The combined biaxial stress of longitudinal stress, SL, and hoop stress, SH, is evaluated
using a Tresca or von Mises criterion. For the current evaluation, the von Mises criterion in
833.4(a)(2) is used:
�𝑆𝑆𝐿𝐿2 − 𝑆𝑆𝐿𝐿 𝑆𝑆𝐻𝐻 + 𝑆𝑆𝐻𝐻2 ≤ 𝑘𝑘 𝑆𝑆 𝑇𝑇
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where S is the specified minimum yield strength, and T the temperature derating factor (same as
for the criterion discussed above), and k the strength derating factor that “shall not exceed” 0.90
for loads of long duration, and “shall not exceed” 1.0 for occasional, non-periodic loads of short
duration.

Residual Stress

Residual stresses, from construction or otherwise, are often present in pipelines. The code
addresses these residual stresses in Section 833.3(c) of the Code as:
“Residual stresses from construction are often present; for example, bending in buried
pipelines where spanning or differential settlements occurs. These stresses are often
difficult to evaluate accurately, but can be disregarded in most cases. It is the engineer’s
responsibility to determine whether such stresses should be evaluated”
The potential effects of residual stress on the Buckeye Ranch Trail span were evaluated as a part
of this investigation and will be presented subsequently.
Design for Stresses Greater Than Yield

The Code allows for stresses in exceedance of the limits given in Paragraphs 833.3 and 833.4
where due consideration is given to the ductility and strain capacity of the pipe body material,
girth weld, and so forth. Section 833.5(b) sets the maximum permitted strain to 2% strain
(0.02 inch/inch).

Buckling and Lateral Stability

Section 833.10 of the Code defines a maximum-allowable net compressive stress of 2/3 of the
critical buckling stress to prevent buckling of the pipe. As per Code, the critical buckling stress
needs to be estimated using a “suitable stability criterion”.
The critical buckling force for a pipe with fixed-fixed restraints, and with length, Lpipe, an elastic
stiffness, E, and a moment of inertia, I, is given by
𝑃𝑃𝑐𝑐𝑐𝑐 =

𝜋𝜋 2 𝐸𝐸𝐸𝐸

�12𝐿𝐿2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 �

The critical buckling stress can then be estimated as
𝑆𝑆𝑐𝑐𝑐𝑐 =

1907851.000 – 4368
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Safety Factor
The Code does not define a safety factor as such; it merely defines maximum-allowable stress.
For the evaluation of the stress state in the above-ground sections of Buckeye Ranch Trail and
Girl Scout Camp, it is useful to define a factor that expresses the additional capacity of the pipe
to withstand the loading considered. A factor equal to one would indicate that the stress state
complies with the ASME B31.8 code; a factor larger than one means that the pipe has additional
capacity; and a factor less than one means that the pipe does not comply with the ASME B31.8
code, but it does not imply that the pipe span will fail under the conditions evaluated since the
ultimate strength of the pipe is significantly larger than the yield strength.
The ratio between the net longitudinal stress and the maximum-permitted longitudinal stress is
defined as the Demand-to-Capacity Ratio (DCR). The inverse of the Demand-to-Capacity Ratio
defines the safety factor (SF), or
|𝑆𝑆𝐿𝐿 |
DCR =
0.9 𝑆𝑆 𝑇𝑇
and
SF =

0.9 𝑆𝑆 𝑇𝑇
|𝑆𝑆𝐿𝐿 |

For the combined stress states, similar factors can be defined:

and

�𝑆𝑆𝐿𝐿2 − 𝑆𝑆𝐿𝐿 𝑆𝑆𝐻𝐻 + 𝑆𝑆𝐻𝐻2
𝐷𝐷𝐷𝐷𝐷𝐷 =
𝑘𝑘 𝑆𝑆 𝑇𝑇
𝑆𝑆𝑆𝑆 =

𝑘𝑘 𝑆𝑆 𝑇𝑇

�𝑆𝑆𝐿𝐿2 − 𝑆𝑆𝐿𝐿 𝑆𝑆𝐻𝐻 + 𝑆𝑆𝐻𝐻2

The safety factor reflects how close the current stress state is to the maximum permitted value of
the stress. Since the safety Factor is relative to the yield strength, a safety Factor less than one
does not imply failure of pipe; it merely implies that permanent deformations under the loading
are likely.
Figure 6 shows the idealized behavior of the pipe material. The material starts permanently
deforming at a yield stress, S, and the limit of 0.9S according to ASME B31.8, 833.3 is
indicated in the figure with the orange line. This point refers to a safety factor equal to one.
However, the Code allows stress states to be larger than S, provided that the strain is not larger
than 2% (B31.8, Paragraph 833.5). This condition is indicated in the figure with the green line.

1907851.000 – 4368

15

October 16, 2019

idealized behavior of pipe

stress

S
0.9 S

strain
elastic limit: 0.12%

maximum permitted strain for
stress greater than yield: 2%

Figure 6. Idealized behavior of pipe material.

The Code allows for permanent, plastic deformation as discussed earlier. Paragraph 833.5(b) of
the Code allows for stress states that are larger than 0.9S, provided that due consideration is
given to the ductility and strain capacity of the pipe. The pipe has a strain capacity of
approximately 38% (where the pipe would fail at a stress of 61,445 psi 7), and the limit set forth
in the Code is only a small fraction of that ultimate strain. Paragraph 833.5(b) defines an
allowable stress larger than set forth in Paragraphs 833.3 and 833.4. A safety factor calculated
using the allowable stress definitions in Paragraphs 833.3 and 833.4 of less than one, does not
imply that the pipe is not code-compliant. A more detailed stress analysis would be needed to
determine the maximum strain for stress greater than yield. However, this is outside the scope of
this report.
The safety factor calculated with the minimum specified yield strength and the derating factor of
0.9 defined in the Code is referred to as the “design safety factor” in this report. The safety
factor calculated using the measured yield strength of the pipe is referred to as “measured yield
safety factor”.

Stress Evaluations
As discussed in section ASME B31.8 Calculations, four different components of the
longitudinal stress need to be considered.
The internal pressure results in a hoop stress given by
7

PG&E Department of Engineering Research Report No. 4474-63, “Physical Tests on 10-Inch Pipe From
Lafayette,” 1963.
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𝑆𝑆𝐻𝐻 =

𝑃𝑃𝑃𝑃
2 𝑡𝑡𝑤𝑤

The maximum bending moment under self-weight in a pipe with fixed-fixed restraints at its end
(no rotation and displacement allowed at both ends), is given by
�𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �𝐿𝐿2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑀𝑀 =
12

The maximum bending stress (at the top and bottom of the pipe) is given by
𝑆𝑆𝐵𝐵 =

𝑀𝑀
𝑍𝑍

The stress caused by partially restrained thermal expansion is given by
𝑆𝑆𝑇𝑇 = 𝑅𝑅𝑆𝑆 𝐸𝐸𝐸𝐸(𝑇𝑇1 − 𝑇𝑇2 )

Since there are no other external load except thermal expansion and pressure, the SX component
of the net longitudinal stress is equal to zero.
The Buckeye Ranch Trail span crosses the (dry) creek with a negative slope on one side and a
positive slope on the other side. About 2/3 along the span, the pipe shows curvature where it
transitions from the downward slope to a slight upward slope; see the laser scan data in Figure
7. As described in the “Installation Conditions…” section of the report, the field inspection and
the local topography suggest that this curvature is as-built. There is no information available on
the type of construction that was used in 1952, but the following two bounding options are
likely possibilities:
1. The curvature was created using mitered small pipe sections that were welded.
2. The curvature was created by a cold bend (plastically deforming the pipe).
For the first option, no residual stresses are expected in the pipe. In the second option, the pipe
would be bent into the plastic state, and then after elastic springback, the final geometry was
achieved. This would create maximum residual stresses in the pipe.

1907851.000 – 4368
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Figure 7. Buckeye Ranch Trail span. Laser scan data showing as-is geometry.

As discussed above, residual stresses are difficult to ascertain. For the current evaluation, two
assumptions for the residual stresses, SI, are used:
1. Zero residual stress in the pipe (manufactured bend)
2. Residual stresses based on a spring-back analysis using an elasto-plastic Finite Element
Analysis (FEA) performed by PG&E ATS (Applied Technology Services) 8
Note that the residual longitudinal stress component is equal to zero for the Girl Scout Camp
span since this pipe span is straight and no residual stresses due to bending are expected.
The Code emphasizes that longitudinal stress components can be negative (i.e., compressive),
except for the longitudinal stress due to internal pressure SP. To evaluate the criteria as set forth
in the Code, various combinations have to be evaluated.
The longitudinal stress caused by the hoop stress is tensile and uniform throughout the crosssectional area of the pipe. The bending moment due to self-weight results a compressive
longitudinal stress at the top of the pipe and a tensile longitudinal stress at the bottom of the
pipe. Thermal expansion where T1 is less than T2 results in compressive longitudinal stress
throughout the cross-sectional area, and in tensile longitudinal stress if T1 is larger than T2. Both
cases will be considered because it is unknown whether the pipes were installed during a cool
season or a warm season in the 1950s.
The maximum tensile net longitudinal stress is given by
𝑆𝑆𝐿𝐿,max tensile = 𝑆𝑆𝑃𝑃 + 𝑆𝑆𝐵𝐵 + |𝑆𝑆𝑇𝑇 | + 𝑆𝑆𝐼𝐼

and the maximum compressive net longitudinal stress by
8

PG&E Applied Technology Services Report No. 006.3.1-19.6, “Stress and Strain Calculations of the Bend in Gas
Transmission Line 191-1, Briones Regional Park, Buckeye Ranch Trail Span.” (Appendix C).
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𝑆𝑆𝐿𝐿,max compressive = 𝑆𝑆𝑃𝑃 − 𝑆𝑆𝐵𝐵 − |𝑆𝑆𝑇𝑇 | − 𝑆𝑆𝐼𝐼

where in first case the thermal stress is for a case where the installation temperature is larger
than the operating temperature, and vice-versa in the latter case.
Three different criteria are evaluated:
1. The criterion of the maximum permitted value of the net longitudinal stress set forth in
Paragraph 833.3:
max�𝑆𝑆𝐿𝐿,max tensile , �𝑆𝑆𝐿𝐿,max compressive �� ≤ 0.9 𝑆𝑆 𝑇𝑇

2. The criterion for the maximum permitted value of the combined biaxial stress set forth in
Paragraph 833.4. This criterion has to be evaluated with both the maximum tensile and
maximum compressive longitudinal stress:
a. with the maximum compressive longitudinal stress:
2
2
�𝑆𝑆𝐿𝐿,max
tensile − 𝑆𝑆𝐿𝐿,max tensile 𝑆𝑆𝐻𝐻 + 𝑆𝑆𝐻𝐻 ≤ 0.9 𝑆𝑆 𝑇𝑇

b. with the maximum tensile longitudinal stress:

2
2
�𝑆𝑆𝐿𝐿,max
compressive − 𝑆𝑆𝐿𝐿,max compressive 𝑆𝑆𝐻𝐻 + 𝑆𝑆𝐻𝐻 ≤ 0.9 𝑆𝑆 𝑇𝑇

Evaluated Pipe Spans
The stress analyses are performed for two pipe spans: (1) Buckeye Ranch Trail, and (2) Girl
Scout Camp. The common parameters of these two spans are summarized in Table 1. The clear
span lengths of both spans are given in Table 2.
Table 1. Parameters of above-ground pipe sections (for both spans).
Parameter

Symbol

Value

Unit

Reference

Outer diameter

D

10.75

inch

9

Nominal wall thickness

tw

0.356

inch

10

lb/foot

11

Weight of coating
9

wcoating

7.1

Email from Bennie Barnes, Chief Engineer, PG&E, on September 17, 2019, 5:45pm.

10

PG&E Applied Technology Services Report No. 006.3.1-19.6, “Stress and Strain Calculations of the Bend in Gas
Transmission Line 191-1, Briones Regional Park, Buckeye Ranch Trail Span.” (Appendix C).

11

PG&E Department of Engineering Research Report No. 4474-63, “Physical Tests on 10-Inch Pipe From
Lafayette,” 1963.
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The Finite Element Analysis performed by PG&E ATS (Applied Technology Services)8
resulted in a residual longitudinal stress equal to 20.7 ksi. The high stress regions are at the sides
of the pipe. The residual stresses at the top and bottom of the pipe are in the order of 9.5 ksi; see
Figure 9(a). The zones with permanent deformation, or plastic zones, are located at the bottom
and top of the pipe; see Figure 9(b).

(a) Residual longitudinal stress

(b) Equivalent plastic strain

Figure 9. Results from elasto-plastic springback analysis of cold bend performed by PG&E
Applied Technology Services.

Since it is not possible to fully ascertain the in-situ stresses without more information about the
construction, the two bounding cases are evaluated for the Buckeye Ranch Trail span:
1. No residual stress: SI = 0 ksi
2. Residual stress from cold bend Finite Element Analysis: SI = 20.7 ksi
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Stress State Under Normal Operating Conditions
The stress state in normal operating conditions is defined by self-weight loading, or gravity
loading, by internal pressure (maximum operating pressure), and by partially restrained thermal
expansion. Since the operating temperature is less than 250°F, the temperature derating factor,
T, is equal to one as per ASME B31.8-2018, Table 841.1.1.8-1.

Buckeye Ranch Trail
For the Buckeye Ranch Trail span, the longitudinal stress under normal operating conditions is
summarized in Table 3 for the two residual stress conditions. Note that the fully restrained
thermal longitudinal stress is equal to -9,588 psi; the values in the table are the reduced thermal
stress. The design safety factors (relative to the maximum allowable longitudinal stress as per
B31.8) are summarized in Table 4.
Table 3. Buckeye Ranch Trail span. Stress state in normal operating conditions.
Case
No residual stress

Cold bend

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SL (psi)

1,282

-3,196

-4,086

0

-6,000

1,282

3,196

4,086

0

8,564

1,282

-3,196

-4,086

-20,675

-26,675

1,282

3,196

4,086

20,675

29,329

The compressive stress is smaller than 2/3 of the critical buckling stress of -42,736 psi.
Table 4. Buckeye Ranch Trail span. Design safety factors in normal operating
conditions. 17
Case

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

No residual stress

3.7

4.2

3.5

3.5

Cold bend

1.1

1.2

1.1

1.1

As discussed previously, the measured yield strength is larger than the minimum specified yield
strength. The Code also applies a strength derating factor of 0.9. Taking these factors into
account, the measured yield safety factors (relative to the measured yield strength) are listed in
Table 5.

17

See the Stress Evaluations section of this report for a discussion of the criteria.
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Table 5. Buckeye Ranch Trail span. Measured yield safety factors in normal operating
conditions. 18
Case

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

No residual stress

5.2

6.1

5.0

5.0

Cold bend

1.5

1.6

1.5

1.5

Girl Scout Camp
For the Girl Scout Camp span, the longitudinal stress in normal operating conditions is
summarized in Table 6. Note that the fully-restrained thermal longitudinal stress is equal
to -9,588 psi; the values in the table are the reduced thermal stress. The design safety factors are
summarized in Table 7. The measured yield safety factors are given in Table 8.

Table 6. Girl Scout Camp span. Stress state in normal operating conditions.
Case
No residual stress

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SL (psi)

1,282

-3,196

-3,115

0

-5,029

1,282

3,196

3,115

0

7,593

Table 7. Girl Scout Camp span. Design safety factors in normal operating conditions.18
Case

No residual stress

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

4.1

4.8

3.9

minimum

3.9

Table 8. Girl Scout Camp span. Measured yield safety factors in normal operating
conditions.18
Case

No residual stress

18

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

5.9

6.8

5.6

See the Stress Evaluations section of this report for a discussion of the criteria.
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Potential Wildland Fire Effects
Heat Transfer Calculations
To estimate the effect of a wildland fire on the above-ground pipe sections at both the Buckeye
Ranch Trail and Girl Scout Camp locations, the heat flux during a wildfire with similar fuel
loads was estimated from literature, and pipe temperatures were calculated using a simple
lumped capacitance heat transfer model. This simple model conservatively assumes that the
temperature within the pipe is spatially uniform, and neglects any insulation effects from the
asphalt coating, or cooling of the pipe due to gas flow within the pipe. 19
Frankman et. al., performed measurements of heat flux in 12 wildland fire live burn test sites.
These experiments included three types of fires depending on vegetation consumed; Surface
fires in which the only fuels burned are ground fuels, including grass and small brush, brush
fires that included burning of larger shrub and brush, and crown fires in which the canopy of
large trees were burning, resulting in a fully involved fires. Crown fires resulted in the highest
radiative heat flux peaking between 200 and 300 kW/m2. Surface and brush fires resulted in
peak radiative heat flux of 100 kW/m2 and 132 kW/m2 respectively. 20
Based on the field inspection of both the Buckeye Ranch Trail and the Girl Scout Camp
locations there was undergrowth as well as large trees near the span. The tree and canopy
coverage in both locations was sparse, however with large trees and undergrowth present, fullyinvolved crown fires are possible in both locations. Images of the vegetation of the crown fire
burn sites at Rat Creek and Mill Creek investigated in Frankman et. al. 21 are shown in Figure
10.

19

Incropera et al. Fundamentals of Heat and Mass Transfer. 2007. John Wiley & Sons. Hoboken, NJ.

20

Frankman et al. Measurements of Convective and Radiative Heating in Wildland Fires. International Journal of
Wildland Fire, 2012.

21

ibid.
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Figure 10. Vegetation in Rat Creek (left) and Mill Creek (right) sites before fire reprinted from
Frankman et al 22.

Heat flux kw/m

2

The measured heat flux from both Rat Creek and Mill Creek sites are shown in Figure 11. The
convection component of the heat transfer is negligible when compared to the radiation
component. Negative convective heat flux in these measurements can be attributed to cool air
pulled from below being pulled into the canopy fire.

Time [s]

Time [s]

Figure 11. Heat flux from Rat Creek and Mill Creek sits from Frankman et al 23.

Pipe temperature was computed on a nominal 10.75” diameter carbon steel pipe using the
measured radiative heat transfer as
𝑭𝑭𝑭𝑭
𝑻𝑻 = 𝑻𝑻𝟎𝟎 + ∫
𝒅𝒅𝒅𝒅
𝝆𝝆𝝆𝝆𝑪𝑪𝒑𝒑
Where the parameters and values are given in Table 9.

22

ibid.

23

Frankman et al. Measurements of Convective and Radiative Heating in Wildland Fires. International Journal of
Wildland Fire, 2012.

1907851.000 – 4368

25

October 16, 2019

Table 9. Heat transfer parameters.

Variable

Parameter

ρ (kg/m3)
T0 (°C )
Cp (J/kgK)
th
F (kW/m2)
V (m3)
T (°C )
A (m2)

Density
Initial Temperature
Heat Capacity
Pipe thickness
Heat Flux
Volume (per unit length)
Pipe Temperature
Area (per unit length)

Value
8050
25
510
0.356
0-300
A*th

𝜋𝜋𝜋𝜋

Results of these calculations for both the Rat Creek and Mill Creek radiation measurements
show pipe temperatures approaching 600 °F. Plots of temperature against time, as well as heat
flux used are given in Figure 12. However, this value does not account for the coal-tar coating
on the pipe, which has the potential to alter the temperature seen by the pipe in the case of a
wildland fire. To better understand the potential effects of the coating, a small experiment was
undertaken, described below.
2

Heat Flux kW/m
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°
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2
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0

50

100

0

50
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200

250

600

400

200

0

time [s]

Figure 12. Pipe temperature calculations.

Cohen and Butler studied the effects on radiant heat flux of the distance between burning
vegetation and structures. They found that increasing the distance from the fire from 3 meters to
12 meters decreased the radiant heat flux from a 30m by 20m tree flame by 40%. 24 Based on
these measurements, removal of the large trees and vegetation near the pipeline spans is
expected to decrease the expected temperature below 392 °F.

Coal Tar Coating Effects
Small (~ 1” long by ¼” thick) samples of the coal tar coating material that had fallen from the
pipe were collected during the site inspection of the Buckeye Ranch Trail span. In the case of a
24

Cohen, J.D. & Butler, B.W. (1996) “Modeling Potential Structure Ignitions from Flame Radiation Exposure with
Implications for Wildland/Urban Interface Fire Management”, 13th Fire and Forest Meteorology Conf., Lorne,
Australia.
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wildland fire the coating may serve as insulation, limiting the heat flux to the pipe, or, if ignited,
as an additional fuel source increasing the heat flux to the pipe.
Preliminary flammability testing of the coal tar coating was performed by exposing a sample of
the coating to direct flame impingement from a BBQ lighter. The sample ignited within the first
five seconds of flame exposure, maintained a flame, and produced flaming drips. This test
suggests that the coal tar coating can act as a fuel source and expose the pipe to direct flame if it
is ignited. Such an ignition event could increase the temperature of the pipe substantially above
the 600 °F estimated based on published heat flux data alone; however, this test does not
account for the geometry and conditions of the pipe in the field. It may be beneficial to perform
testing with a coated pipe segment, similar to the spans, to determine the actual temperature
change due to the coal tar coating.

Stress State in Fire Conditions
The heat transfer calculations presented in the section above, estimates that the metal
temperature of the pipe may approach or exceed 600°F based on published heat fluxes in
wildfires with fuel loads similar to the fuel loads present at the pipe span locations. As per
Section 802.1 of ASME B31.8-2018, the code does not apply to piping with metal temperatures
above 450°F (232°C). However, the same procedure as for evaluating the stress state under
normal operating temperatures will be used to assess the safety factor in fire conditions.
At elevated temperatures, the elastic stiffness, E, and the yield strength, S, are lower than the
values at room temperature. ASME B31.8-2018 defines the temperature derating factor in table
841.1.8.-1 for the yield strength, and specifies the elastic stiffness of steel as function of
temperature in table 832.5-1. However, the highest temperature for the temperature derating
factor for the elastic stiffness is 500°F (260°C) and for the yield strength 450°F (232°C). Other
sources for temperature derating factors, such as AISI 25 and ECCS 26, also have values for higher
temperatures.
The steel yield strength reduction factors according to AISI, ASME B31.8, and ECCS are
shown in Figure 13. For a metal temperature of approximately 600°F (572°F used for
calculation), the reduction in yield strength is approximately between 0.75 and 1.0; a factor
equal to 0.8 is used for the current evaluation. Further reduction in yield strength would occur if
higher temperatures were reached.
The steel elastic stiffness reduction factors according to AISI, ASME B31.8, and ECCS are
shown in Figure 14. For a metal temperature of approximately 600°F (572°F used for
calculation), the reduction in elastic stiffness is approximately between 0.8 and 0.9; a factor
equal to 0.8 is used for the current evaluation.

25

American Iron and Steel Institute.

26

European Convention for Constructional Steelwork.
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Figure 13. Steel yield strength as a function of temperature.

Figure 14. Steel elastic stiffness as a function of temperature.
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Buckeye Ranch Trail
For the Buckeye Ranch Trail span, the longitudinal stress under fire conditions is summarized in
Table 10 for the two residual stress conditions. Note that the fully restrained thermal
longitudinal stress is equal to -80,075 psi (compression); the values in the table are the reduced
thermal stress based on Soil-Structure Interaction analyses. The tensile stress state is not shown
in the table because the fire temperature cannot be reversed. Note that the compressive stress is
larger than the critical buckling stress of -34,188 psi for the case with residual stress, suggesting
the pipe span is likely to buckle. In the case without residual stress, the compressive stress is
larger than 2/3 times the critical stress (-22,792 psi), the criterion set forth in the Code.
The design safety factors are summarized in Table 11. The measured yield safety factors, based
on the measured yield strength, are summarized in Table 12.
Table 10. Buckeye Ranch Trail span. Stress state in fire conditions.
Case

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SL (psi)

No residual stress

1,282

-26,692

-4,086

0

-29,496

Cold bend

1,282

-26,692

-4,086

-20,675

-50,171

Table 11. Buckeye Ranch Trail span. Design safety factors in fire conditions. 27
Case

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

No residual stress

0.9

N/A

0.8

0.8

Cold bend

0.5

N/A

0.5

0.5

Table 12. Buckeye Ranch Trail span. Measured yield safety factors in fire conditions.27
Case

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

No residual stress

1.2

N/A

1.1

1.1

Cold bend

0.7

N/A

0.7

0.7

Note that a safety factor of less than one does not mean that the span will fail; it merely
indicates that the elastic limit is exceeded. The Code allows for plastic strain of less than 2%
under certain conditions. Finally, the thermal expansion of the pipe span will also cause out-ofplane deformations caused by buckling, which further releases the thermal stresses. This is
currently not taken into account in the evaluations.

27

See the Stress Evaluations section of this report for a discussion of the criteria.
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Girl Scout Camp
For the Girl Scout Camp span, the longitudinal stress under fire conditions is summarized in
Table 13. The design safety factors are summarized in Table 14; the measured yield safety
factors in Table 15. Same as the Buckeye Ranch Trail span, the fully restrained thermal
longitudinal stress is equal to -80,075 psi; the values in the table are the reduced thermal stress.
The tensile stress state is not shown in the table since the fire temperature cannot be reversed.
The compressive stress is smaller than the two-thirds of the critical buckling stress (-29,896
psi)and the pipe span meets the criterion set forth in the Code.
Table 13. Girl Scout Camp span. Stress state in fire conditions.
Case
No residual stress

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SL (psi)

1,282

-26,692

-3,115

0

-28,525

Table 14. Girl Scout Camp span. Design safety factors in fire conditions. 28
Case

No residual stress

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

0.9

N/A

0.8

minimum

0.8

Table 15. Girl Scout Camp span. Measured yield safety factors in fire conditions.28
Case

No residual stress

28

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1.3

N/A

1.2

See the Stress Evaluations section of this report for a discussion of the criteria.
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Geotechnical and Seismic Hazard Considerations
The spans are subject to a number of geological and geotechnical processes. A desk study was
performed to evaluate the potential for geotechnical and seismic hazards at the span locations
based on their geological and topographical setting. This analysis was performed using publiclyavailable information from the U.S. Geological Survey (USGS) and the California Geological
Survey (CGS). Following a description of the topographical, geological and seismic site
conditions, this section discusses the potential for and likely effects of:
•
•
•
•
•

Landslide hazard;
Mud and debris-flow hazard;
Surface fault rupture;
Liquefaction; and
Ground shaking.

Finally, this section discusses the pipe span stress state during earthquake conditions for the
Maximum Considered Earthquake event at each site.

Topographic Setting
The two spans are located at the eastern edge of the Briones Valley quadrangle, near the
boundary with the Walnut Creek quadrangle. Topography in the vicinity of the spans primarily
consists of east-west trending ridges and valleys with steeply dipping north and south facing
slopes (Figure 15). As observed during the site visit, the Buckeye Ranch Trail span crosses an
intermittent (seasonal) stream, while the Girl Scout Camp span is located adjacent to the
thalweg 29 of a seasonal drainage feature. Historical topographic maps available for the span
locations reveal that prior to their installation, the Buckeye Ranch Trail span site was already
mapped as an intermittent stream and the Girl Scout Camp span site was already a local
drainage feature with a topographic low (Figure 16). Both sites were observed to exhibit signs
of active erosion due to seasonal surface water drainage.

29

The line of lowest elevation within a valley or watercourse.
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Figure 15. U.S. Geological Survey (USGS) topographic map (2018) of the Briones Valley
quadrangle, 7.5-minute series. Approximate locations of spans indicated with
yellow stars, with the Buckeye Ranch Trail Span to the north and the Girl Scout
Camp span to the South, (North is up).
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17). 30 Soils at the Girl Scout Camp span are described as “Los Osos - Los Gatos complex”, a
combination of the “Los Osos” and “Los Gatos” soil formations; the latter characterized by
loam and clay loam, typically overlying unweathered bedrock (Figure 17). 31 Depth to
groundwater table in each case is described as more than 80 inches except for intermittent
streams during periods of activity.
The sites are located near the boundary of the 15-arc minute (1:24,000 scale) geologic maps of
the Briones Valley 32 and Walnut Creek 33 quadrangles. A 7.5 arc-minute (1:12,000 scale)
geologic map of the southwest quarter of the Walnut Creek quadrangle 34 is also available, but
does not expressly cover the sites. While the 7.5 arc-minute map provides a more detailed
description of the bedrock geology near both sites, the formation nomenclature varies slightly
from the more recent 15 arc-minute maps (Figure 18). Still, the nature of the mapped bedrock
remains the same and the descriptions from both maps are presented for each site herein.
Buckeye Ranch Trail

The 7.5 arc-minute geologic map of the Walnut Creek quadrangle depicts the Tertiary (Middle
Miocene) Hambre Sandstone Formation (Th) and the Tertiary Rodeo Formation (Tr) at the north
and south ends of the pipe span (respectively), with a mapped unit of Quaternary terrace
deposits (Qt) along the east-west-trending drainage channel. Adjacent to the site, north-southtrending drainage channels that are incised into the hill slopes are mapped as
Quaternary/Holocene slope wash deposits (Qsw). The Hambre Sandstone Formation is
described as interbedded fine-grained sandstone and shale dipping steeply (30-75 degrees from
horizontal) toward the south. The Rodeo Formation is generally composed of shale, dipping
steeply (35-50 degrees) toward the south. It is described as porcelaneous, fissile, friable and
shaly fine-grained mudstone, with argillaceous siltsone, and interlayered fine-grained sandstone.
The Quaternary Terrace deposits include gravel, sand, silt, and clay that are locally capped by
gravel deposits, and may include landslide debris. The Quaternary slope wash deposits are
generally described as miscellaneous soil and rubble.
The 15 arc-minute geologic maps of the Briones Valley and Walnut Creek quadrangles depict
similar geological units but with different nomenclature. The Hambre Sandstone and Rodeo
Formations are described as minor units of the greater Monterey Formation and dipping slightly
less steeply to the south (30-40 degrees). The Monterey Formation is generally composed of
Tertiary (Miocene) marine clastic and biogenic, lithified, sedimentary rocks that are somewhat
difficult to differentiate. The north end of the Buckeye Ranch Trail span is located within the
30

U.S. Department of Agriculture, Natural Resources Conservation Service, Web Soil Survey (Contra Costa
County, California - CA013), https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx

31

Idem.

32

Dibblee, T.W., and Minch, J.A., 2005, Geologic map of the Briones Valley quadrangle, Contra Costa & Alameda
Counties, California: Dibblee Geological Foundation, Dibblee Foundation Map DF-148, scale 1:24,000.

33

Dibblee, T.W., and Minch, J.A., 2005, Geologic map of the Walnut Creek quadrangle, Contra Costa County,
California: Dibblee Geological Foundation, Dibblee Foundation Map DF-149, scale 1:24,000.

34

Saul, R.B., 1973, Geology and slope stability of the southwest quarter of the 7.5-minute Walnut Creek
quadrangle, Contra Cosa County, California: California Division of Mines and Geology, Map Sheet 16, scale
1:12,000.
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Landslide Hazard
The geologic maps of the area surrounding both sites include historic landslide deposits, and
particularly within the fine-grained bedrock formations such as the Rodeo shale (described
previously). The bedrock is also described as generally dipping toward the south with attitudes
ranging between 30 and 75 degrees while the general topography has slopes ranging between 30
and 50 %. There is, therefore, a potential for unfavorable dip-slope conditions in south facing
slopes where the ground surface slope is steeper than the bedrock dip attitude and thus the
possibility for landsliding. Furthermore, the Qsw units discussed above are described by the
CGS as having “poor” slope stability when wet. 35
Open File Report 95-12 36 (OFR 95-12) of the California Geological Survey (CGS) provides a
relative landslide susceptibility map (Figure 19) which indicates that the greater area of the pipe
spans is designated as being “most susceptible” to landslides, based on the general steepness of
slopes, regional precipitation trends and geologic formations. The CGS landslide inventory
database 37 further indicates the presence of a mapped landslide deposit within several hundred
feet of the Buckeye Ranch Trail span (Figure 20), consistent with the underlying geology. A
historical inventory of landslide deposits mapped in plate 32B of OFR 95-12 38 (Figure 21) also
shows a minor landslide deposit within several hundred feet of the Girl Scout Camp span.
These deposits are generally described as being the result of landslides, rockfall, mud flows or
debris flows that are characteristically precipitation induced. There is also a potential for
dynamic induced landslides, though the CGS seismic hazard report for the Briones Valley
quadrangle indicates that landslide hazard was not evaluated at the location of the spans.
Though the review of publicly available sources indicates that a landslide hazard exists, no
landslide deposits were observed in the immediate vicinity of the pipe spans at the time of the
site visit. Furthermore, the risks to the pipe spans due to slope instability are site dependent.
PG&E should continue to monitor these locations through their Geohazard Threat Identification
and Mitigation Program.

35

CGS Information Warehouse – Landslides, OFR 95-12, ftp://ftp.consrv.ca.gov/pub/dmg/pubs/ofr/OFR_9512/OFR_95-12_Text.pdf

36

CGS Information Warehouse – Landslides, OFR 95-12 Plate 32A,
https://maps.conservation.ca.gov/cgs/informationwarehouse/landslides/, Open File Report 95-12.

37

CGS Landslide Inventory Database, https://maps.conservation.ca.gov/cgs/lsi/app/

38

CGS Information Warehouse – Landslides, OFR 95-12 Plate 32B,
https://maps.conservation.ca.gov/cgs/informationwarehouse/landslides/, Open File Report 95-12.
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Further modeling performed by the USGS also provides detailed debris flow hazard assessments
throughout the San Francisco Bay area, as well as at the sites of the pipe spans. In this model,
contributing topographic factors include hillslope steepness greater than 20 degrees and plan
curvature of 0.01 or less, where plan curvature is defined as the curvature of the ground surface
in a horizontal plane. The red zones of the map in Figure 23 portray the principal areas from
which debris flows can be expected during future storms. The black dots represent the historic
debris flow source locations mapped after a catastrophic storm in January 1982. Furthermore, it
is generally understood that post-wildfire conditions increase the potential for debris flows.
In any one storm, only a small fraction of a potential debris flow source area may be activated
and most debris flows in the San Francisco Bay area travel only one hundred feet or less, but
some may travel several hundreds of feet downslope from their source. Because debris-flows
travel downslope and downstream from source areas, the hazard areas extend to the base of
steep hillsides, near the mouths of steep side hill drainages, and in and near the mouths of
canyons that drain steep terrain. The Girl Scout Camp span is located at the base of a steep
hillside and the Buckeye Ranch Trail span is located in and near the mouths of canyons that
drain steep terrain. Though the USGS data shows a debris-flow hazard exists in the areas of both
spans, including mapped historical debris flow sources from the January 1982 storm event
upslope and upstream of the pipe spans, the site visit revealed no debris flow deposits in the
immediate vicinity of the pipe spans. PG&E should continue to monitor these locations through
their Geohazard Threat Identification and Mitigation Program.

. .
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𝑆𝑆𝐷𝐷𝐷𝐷 = 3𝑆𝑆𝑀𝑀𝑀𝑀

The horizontal load on the structure (pipe span) is further modified using a response
modification factor, Rp, and an importance factor, Ip, such that
𝑆𝑆𝐷𝐷𝐷𝐷
𝑅𝑅𝑝𝑝
�𝐼𝐼
𝑝𝑝
Since the pipeline can cause a threat to the community if gas is released in case of an
earthquake, the importance factor is set to 1.5. Since the pipe span is a flexible system, the
response modification factor, Rp, is equal to 1.5, such that the maximum horizontal acceleration
is equal to
𝑎𝑎𝐻𝐻 =

𝑎𝑎𝐻𝐻 = 𝑆𝑆𝐷𝐷𝐷𝐷

with SDS = ⅔SMS = 1.5g.

The horizontal accelerations will cause maximum bending stresses at both sides of the pipe,
while gravity loading results in maximum bending stresses at the top and bottom of the pipe.
Therefore, the effects of both loads do not have to be added. The other longitudinal stress
components, SP and ST, are uniform over the cross-sectional area and the evaluation of the net
longitudinal stress is performed using the same equations

and

𝑆𝑆𝐿𝐿,max tensile = 𝑆𝑆𝑃𝑃 + 𝑆𝑆𝐵𝐵 + |𝑆𝑆𝑇𝑇 + 𝑆𝑆𝐼𝐼 |
𝑆𝑆𝐿𝐿,max compressive = 𝑆𝑆𝑃𝑃 − 𝑆𝑆𝐵𝐵 − |𝑆𝑆𝑇𝑇 | − 𝑆𝑆𝐼𝐼

but now with the bending moments given by
𝑀𝑀seismic,horizontal

𝑆𝑆𝐷𝐷𝐷𝐷 �𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �𝐿𝐿2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
=
12

where SDS the spectral acceleration (in g’s).

The ASCE 7 code 41 also defines a vertical acceleration due to seismic events equal to ±0.2 SDS
what results in a maximum bending moment equal to
𝑀𝑀seismic,vertical =

41

(1 + 0.2 𝑆𝑆𝐷𝐷𝐷𝐷 )�𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �𝐿𝐿2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
12

American Society of Civil Engineers, Minimum Design Loads and Associated Criteria for Buildings and Other
Structures, 2016; section 12.4.2.2.
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The horizontal acceleration is slightly larger than the combined gravity and vertical acceleration
(1.5 and 1.3, respectively). Since moments due to vertical and horizontal acceleration are only a
function of the applied acceleration (weight and length are the same in the equations above), the
moment due to horizontal acceleration is larger than the moment due to the combined gravity
and vertical acceleration. Hence, the calculated safety factor for horizontal acceleration is
smaller than the safety factor for the vertical acceleration. Only the safety factors for horizontal
acceleration is reported in this section.

Buckeye Ranch Trail

For the Buckeye Ranch Trail span, the longitudinal stress in earthquake conditions is
summarized in Table 16 for the two residual stress conditions and the design safety factors in
Table 17. The measured yield safety factors are given in Table 18.
Table 16. Buckeye Ranch Trail span. Stress state in earthquake conditions.
Case
No residual stress

Cold bend

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SL (psi)

1,282

-3,196

-6,130

0

-8,044

1,282

3,196

6,130

0

10,607

1,282

-3,196

-6,130

-20,675

-28,719

1,282

3,196

6,130

20,675

31,282

Table 17. Buckeye Ranch Trail span. Design safety factors in earthquake conditions. 42
Case

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

No residual stress

3.0

3.4

2.9

2.9

Cold bend

1.0

1.0

1.0

1.0

Table 18. Buckeye Ranch Trail span. Measured yield safety factors in earthquake
conditions.42
Case

42

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

No residual stress

4.2

4.9

4.1

4.1

Cold bend

1.4

1.5

1.4

1.4

See the Stress Evaluations section of this report for a discussion of the criteria.
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Girl Scout Camp

For the Girl Scout Camp span, the longitudinal stress in earthquake conditions is summarized in
Table 19. The safety factors are summarized in Table 20 and Table 21.

Table 19. Girl Scout Camp span. Stress state in earthquake conditions.
Case
No residual stress

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SL (psi)

1,282

-3,196

-4,673

0

-6,587

1,282

3,196

4,673

0

9,151

Table 20. Girl Scout Camp span. Design safety factors in earthquake conditions. 43
Case

No residual stress

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

3.4

4.0

3.3

minimum

3.3

Table 21. Girl Scout Camp span. Measured yield safety factors in earthquake
conditions.43
Case

No residual stress

43

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

4.9

5.7

4.7

See the Stress Evaluations section of this report for a discussion of the criteria.
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Potential Tree Falling
Trees near Pipe Spans Identified as Potential Hazards
Following the visual inspection of the spans, a number of trees in the proximity of the Buckeye
Ranch Trail span and Girl Scout Camp span were identified as potential hazards. To better
understand this potential hazard, information about the trees was collected from PG&E, and also
by Exponent during the site inspections.
Exponent collected information on nearby trees including distance to span, approximate trunk
circumference, and approximate diagonal distance to the top of the tree (used subsequently with
horizontal distance to estimate tree height). These data are approximate in nature, as trees were
often not straight (vertical), and tree trunk circumferences were often found to change
dramatically due to splits in the trunks. The results of this data collection effort are presented
subsequently.

Stress State in Falling Tree Impact
The possibility of a tree falling and hitting the pipeline is present, but also large branches of the
trees can potentially hit the above-ground sections. An analysis of a falling tree impact on the
pipe span is possible, but because many variables cannot be taken into account, only a roughorder-of-magnitude can be estimated.
A tree falling and impacting a pipe span would cause dynamic loading. The basis of the impact
analysis is to determine a statically-equivalent force that is generally defined as a Dynamic
Impact Factor multiplied by the weight of the tree or branch falling onto the pipe span. This
statically-equivalent force is not only governed by the properties of the falling object, but also
by the properties of the pipe span. Further, it should be noted that these calculations assume a
center-span tree impact. Since the impact location of the tree on the span cannot be known, this
is the most conservative case.

Idealization of the Tree

The tree is idealized as a conical frustum with a radius at the base of RB and a radius at the top
height H of RT; see Figure 27.
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The tree impacts the pipe at a distance s and a height h, see Figure 29, and the angle of impact is
given by

and the angular velocity at impact by

ℎ
𝜃𝜃𝐼𝐼 = tan−1 � �
𝑠𝑠

2 𝑀𝑀 𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔(sin 𝜃𝜃0 − sin 𝜃𝜃𝐼𝐼 )
𝛼𝛼𝐼𝐼 = �
𝐼𝐼𝑅𝑅
Impact Analysis

The rotating tree impacts the pipe span with an angular velocity equal to 𝛼𝛼𝐼𝐼 . The pipe span is
initially at rest and will respond with velocity 𝑣𝑣𝑝𝑝′ immediately after impact. The angular
velocity of the tree immediately after impact is defined as 𝛼𝛼 ′ . Conservation of momentum
around the base is defines the first governing equation
𝐼𝐼𝑅𝑅 𝛼𝛼𝐼𝐼 = 𝑀𝑀𝑃𝑃 𝑣𝑣𝑝𝑝′ 𝑠𝑠 + 𝐼𝐼𝑅𝑅 𝛼𝛼 ′

where MP is the equivalent “vibrating” mass of the pipe span. The second governing equation
defines the relationship between the velocity of the tree at the location of impact, vT, and the
velocity of the pipe, vP, before and after impact
𝑣𝑣𝑃𝑃′ − 𝑣𝑣𝑇𝑇′ = 𝐶𝐶𝑅𝑅 (𝑣𝑣𝑇𝑇 − 𝑣𝑣𝑃𝑃 )

with CR the coefficient of restitution. Note that the velocity of the pipe before impact, vP, is
equal to zero. The velocity of the tree at the location of impact can be approximated as 45
𝑣𝑣𝑇𝑇 = 𝛼𝛼𝐼𝐼 𝑠𝑠
and similarly
𝑣𝑣𝑇𝑇′ = 𝛼𝛼 ′ 𝑠𝑠
The two governing equations can be solved for the angular velocity and pipe velocity after
impact:
𝐼𝐼𝑅𝑅 − 𝐶𝐶𝑅𝑅 𝑀𝑀𝑃𝑃 𝑠𝑠 2
𝛼𝛼 ′ =
𝛼𝛼
𝐼𝐼𝑅𝑅 + 𝑀𝑀𝑃𝑃 𝑠𝑠 2 𝐼𝐼
and
𝑣𝑣𝑃𝑃′ = (𝐶𝐶𝑅𝑅 𝛼𝛼𝐼𝐼 + 𝛼𝛼 ′ )𝑠𝑠

45

The velocity of the tree at the point of impact is defined by the distance √𝑠𝑠 2 + ℎ2 but the vertical component by
s.
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The discussion above is based on the assumption that there is velocity and mass of the pipe
whose product defines the momentum of the pipe. The pipe span will vibrate after impact with
zero velocity at its supports and maximum velocity at mid-span, assuming that the impulse onto
the beam is fast enough that the full beam starts vibrating in the first vibration mode with a
natural frequency, ω. For a beam with fixed-fixed boundary conditions, the natural frequency of
the first mode is given by
𝜔𝜔 =

22.4 𝐸𝐸𝐸𝐸
�
𝐿𝐿2
𝑚𝑚

If we assume that the center of the span has an initial velocity 𝑣𝑣0 = 𝑣𝑣𝑃𝑃′ after impact, the solution
for the velocity and deflection is given by
𝑣𝑣(𝑡𝑡) = 𝑣𝑣0 sin 𝜔𝜔𝜔𝜔

𝑣𝑣0
cos 𝜔𝜔𝜔𝜔
𝜔𝜔

𝑢𝑢(𝑡𝑡) =

The maximum deflection of the pipe span due to impact by the falling tree is then given by
𝑣𝑣𝑃𝑃′
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 =
𝜔𝜔

The statically-equivalent force at the center of the pipe span that results in the same maximum
deflection is then given by
192 𝐸𝐸𝐸𝐸
𝐹𝐹𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 3
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚
𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

The equivalent static force can become very large, depending on the tree height and weight.
Volume of a tree can be estimated using online tools 46. For instance, the volume of a standing
tree with diameter at breast height of 30 inches, and a height of 75 feet, is estimated as 1,265 BF
(Board Foot), equivalent to 105 cu-ft. With the estimated green weight of Live Oak of 76 lb/cuft resulting in a total weight of 7,980 lb.
The maximum moment due to the statically-equivalent load at the center of the pipe span is
1

𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 8𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

and the longitudinal stress due to the tree impact is given by
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑍𝑍
This stress is added to the longitudinal stress under Normal Operating Conditions and design
and measured yield safety factors are calculated for each span in the following
𝑆𝑆𝐵𝐵,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

46

https://www.timberpolis.com/calc-standing-tree-volume.php?logscale=scribner78.
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Buckeye Ranch Trail
For the subsequent analysis, tree information gathered by Exponent was used in conjunction
with PG&E provided data. Trees near the Buckeye Ranch Trail span were investigated to
determine if they posed a potential hazard to the span, as defined by the estimated height of the
tree exceeding the shortest horizontal distance between the tree and any point on the span. As
noted earlier in this section, the potential impact location of each tree on the span cannot be
known, so a worst-case center-span impact is assumed in the calculations. The trees investigated
are listed in Table 22, where tree numbers are arbitrary identifiers added by Exponent. The
approximate locations of each of the trees is shown in Figure 30. The volume is estimated using
the online tool 47 and the weight is estimated using the green wood weights in “Weight of
Various Woods Grown in the United States” 48.

Figure 30. Schematic illustration of approximate tree locations relative to the Buckeye Ranch
Trail span. Corresponding tree data is found in Table 22.

47

https://www.timberpolis.com/calc-standing-tree-volume.php?logscale=scribner78.

48

Technical Note number 218, United States Forest Service, Revised July 1931.
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Table 22. Trees identified near the Buckeye Ranch Trail span. Note that tree heights are
approximate.

Tree

Dist. to
Span
(ft)

Diam.
(in)

Height
(ft)

1
2
3
4
5
6
7
8
9
10
11
12

29
68
5
50
14
38
22
23
29
30
53
26

23
25
19
19
8
15
21
21
13
13
15
6

59
29
48
35
30
35
39
40
47
30
71
32

Species
Live Oak
Live Oak
Live Oak
California Bay
California Bay
California Bay
Live Oak
Live Oak
California Bay
California Bay
Live Oak
California Bay

Volume Density
(BF)
(lb/cu-ft)
578
418
322
256
126 49
144
352
358
118
89
214
7549

76
76
76
54
54
54
76
76
54
54
76
54

Estimated
weight
(lb)
3661
2647
2039
1152
565
648
2229
2267
531
401
1355
339

Trees 2, 4, and 6 are estimated to be too far from the span to pose a threat (i.e. the horizontal
distance to the span exceed the tree height) and are not included in the stress evaluation.
Tree fall is an event that can result in large loading on the pipe span. In Table 23, the results are
summarized for the trees identified near the Buckeye Ranch Trail span. The results are
presented slightly differently than for the other stress evaluations. First, results are given for the
longitudinal stress due to tree falling with residual stress (cold bend), followed by results
without residual stress.
Recommendations based on the tree fall analyses for the trees in proximity to the Buckeye
Ranch Trail span are given in Table 29. For the recommendations, the most conservative case
was used (the residual stress / cold bend condition and calculated relative to the design criteria,
ASME B31.8, using the minimum specified yield strength). See Appendix B: Tree Fall Analysis
Results for detailed tables with safety factor calculations.

49

The online tool did not provide a volume estimate. The volume of this tree is estimated using a cylinder
approximation with the given diameter and height.
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Table 23. Trees near the Buckeye Ranch Trail span identified as potential hazards.
Tree

cold bend

no residual stress

Design
Safety Factor

Measured
Yield Safety
Factor

Design
Safety Factor

Measured
Yield Safety
Factor

Recommendation

1

0.2

0.3

0.3

0.4

Removal

3

0.5

0.7

0.8

1.1

Removal

5

0.3

0.4

0.3

0.5

Removal

7

0.7

1.0

1.3

1.8

Removal

8

0.3

0.4

0.3

0.5

Removal

9

0.7

1.0

1.2

1.8

Removal

10

0.2

0.3

0.3

0.4

Removal

11

0.6

0.9

1.0

1.4

Removal

12

0.5

0.7

0.8

1.1

Removal

Girl Scout Camp
The trees near the Girl Scout Camp span identified as potential hazards are listed in Table 24.
Similar to the trees at the Buckeye Ranch Trail location, these trees were evaluated to
understand which have an approximate height that exceeds the horizontal distance to the span.
The volume is estimated using the online tool and the weight is estimated from the United States
Forest Service document. The approximate locations of these trees are shown schematically in
Figure 31.
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Figure 31. Schematic illustration of approximate tree locations relative to the Girl Scout
Camp span. Corresponding tree data is found in Table 24.

Table 24. Trees identified near the Girl Scout Camp span. Note that tree heights are
approximate.

Dist. to
Tree Span
(ft)
1
2
3
4
5
6
7
8

29
30
51
52
19
31
37
35

Diam.
(in)

Height
(ft)

15
19
15
15
10
15
10
17

55
71
38
50
46
46
49
45

Species
California Bay
California Bay
California Bay
California Bay
California Bay
Live Oak
Live Oak
California Bay

Volume
(BF)

Density
(lb/cu-ft)

Estimated
weight
(lb)

191
401
152
181
51
172
53
234

54
54
54
54
54
76
76
54

860
1805
684
815
230
1089
336
1053

Trees 3 and 4 are too far from the span and are not included in the stress evaluation. Tree fall is
an event that can result in large loading on the pipe span. In Table 25, the results are
summarized for the trees identified near the Girl Scout Camp span. Recommendations based on
the tree fall analyses for the trees in proximity to the Girl Scout Camp span are given in Table
25. For the recommendations, the most conservative case was used (the residual stress / cold
bend condition and calculated relative to the design criteria, ASME B31.8, using the minimum
specified yield strength). See Appendix B: Tree Fall Analysis Results for detailed tables with
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safety factor calculations. Safety factors for trees 5 and 7 were equal to 1.0, even in the most
conservative condition, and they are therefore listed as “monitor” instead of “removal.” Should
conditions change at the span site, calculated safety factors may change.

Table 25. Trees near the Girl Scout Camp span identified as potential hazards.
Tree

50

Design Safety
Factor

Measured Yield Safety
Factor

Recommendation

1

0.4

0.6

Removal

2

0.3

0.4

Removal

5

1.0

1.4

Removal 50

6

0.4

0.6

Removal

7

1.0

1.4

Removal50

8

0.5

0.7

Removal

Removal is recommended to maintain a 40-foot radius of clearance to span for wildland fire scenario (see
Potential Wildland Fire Effects section).
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Stress Analysis Discussion
Span safety factors have been calculated according to the design standard, ASME B31.8-2018,
for three conditions: normal operating conditions, wild fire conditions, and seismic conditions.
The resulting design safety factors (calculated relative to 0.9 times the minimum-specified yield
strength) are summarized in Table 26 for the Buckeye Ranch Trail span and the Girl Scout
Camp span.
Table 26. Summary of calculated design safety factors (ASME B31.8).
Case

Buckeye Ranch Trail Span

Girl Scout Camp Span

No residual stress

Cold bend

No residual stress

Normal

3.5

1.1

3.9

Fire

0.8

0.5

0.8

Seismic

2.9

1.0

3.3

The safety factors in Table 26 are relative to 90% of the minimal specified yield strength of the
pipe. This means that there is an additional 10% relative to the specified minimum yield
strength. Further, the measured yield strength of this pipe is larger than the specified minimum;
coupon testing indicated that the longitudinal yield strength is 45 ksi. 51 The safety factors
calculated relative to the measured yield strength are approximately 1.3 times larger and are
summarized in Table 27.
Table 27. Summary of calculated measured yield safety factors.
Case

Buckeye Ranch Trail Span

Girl Scout Camp Span

No residual stress

Cold bend

No residual stress

Normal

5.0

1.5

5.6

Fire

1.1

0.7

1.2

Seismic

4.1

1.4

4.7

The observed bend in the Buckeye Ranch Trail span may be the result of miters or a cold bend
(i.e. a field bend). Since no as-built records are available it is not possible to fully determine
how the transition was made at the time of construction. The two bounding scenarios that
estimate residual stress based on pipe bend fabrication are presented in Table 26 and Table 27,
along with associated safety factors. If the bend was created with mitered joints, no initial,
residual stress would be present. If a field bend was used, residual stress may exist in certain

51

PG&E Department of Engineering Research Report No. 4474-63, “Physical Tests on 10-inch Gas Pipe From
Lafayette,” October 7, 1963.
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areas of the pipe, and calculated safety factors decrease relative to the “no initial stress”
condition.
For this analysis, safety factors smaller than 1.0 do not indicate imminent failure of the span.
The Code allows for designs that are beyond the elastic limit of the pipe material as long as the
strain is less than 2% (0.02 inch/inch).
In conclusion, safety factors were calculated according to design (ASME B31.8), as well as
taking into consideration that the measured yield strength is significantly higher than the
minimum specified yield strength14. Our calculations indicate that stresses in the Girl Scout
Camp span are within code allowable stresses under normal operating and seismic conditions.
Our analysis indicated that under wildfire conditions, at an estimated temperature of 600º F, that
some permanent deformation may occur if evaluated according to ASME B31.8, Table 26.
However, given the relative magnitude of these stresses during wildfire exposure (and
associated reduced mechanical properties), pipe rupture is unlikely. In fact, when this condition
is evaluated according to the as-measured yield strength of the pipe, the calculated safety factor
is 1.2, as shown in Table 27.
Safety factors greater than 1.0 were calculated for the Buckeye Ranch Trail span under normal
operating and seismic conditions. Similar to the Girl Scout Camp span, calculated safety factors
for the wildland fire condition were less than 1.0 (Table 26). And again similar to the Girl Scout
Camp span, when safety factors are calculated relative to the as-measured yield strength of the
pipe, safety factors greater than 1.0 are calculated (no residual stress condition). Even if the
elastic limit is reached (as the residual stress / cold bend, condition would suggest), it is unlikely
the span would rupture catastrophically. Rather, the pipe would likely bend a small amount,
thereby accommodating any thermally-induced strains.
Tree fall on the pipe spans has been evaluated using an approximation of a statically equivalent
force. This approximation is conservative (i.e. results in larger forces than are likely to occur)
but gives an indication whether the evaluated trees pose a threat to the pipe if the tree would fall
on the spans. Based on this analysis, we recommend removal of nine trees at the Buckeye Ranch
Trail site, and four trees at the Girl Scout Camp site. The likelihood of a tree falling is not
addressed in the current work, but is a function of a number of factors and can be explored
separately.
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Installation Conditions of Buckeye Ranch Trail Span
Overview
PG&E has communicated that members of the public have expressed concern regarding the
observed bend in the Buckeye Ranch Trail span. For this reason, an analysis was undertaken to
understand the likelihood that the observed mid-span deflection was the result of an intentional
bend, or whether unintended forces may have caused the observed bending in the pipe.
Similarly, work has been performed to understand whether the Buckeye Ranch Trail span was
designed as a span with a designed bend during installation in 1952, or whether erosion could
have exposed the subject pipe segment or extended the length of an installed span. At the outset
of this work, it was not known whether these two conditions, the observed bend and the
potential of erosion to expose a previously buried pipe, may be related or independent. These
analyses involved three primary factors: a geological analysis of the soils around the span to
understand the extent of erosion that may be expected over the 67 years of service, an analysis
on the span to understand the stresses required to create such a bend, and an analysis of the
terrain around the span and selected depth-of-cover data points.

Erosion
To understand whether the pipe was originally installed as a span in 1952, or whether erosion
could have exposed the subject pipe segment, or extended the length of the span, both historical
and current topographic maps were reviewed. The 1947 topographic map shows an intermittent
(seasonal) stream at the Buckeye Ranch Trail span location, prior to pipe installation in 1952.
Given that the stream channel is mapped in the 1947 topographic map (Figure 16), and the
topographical depression (i.e. the stream bed) was present, it is likely the pipe was installed as a
span across the channel. However, the topography and geology in the area of the span is also
conducive to surficial erosion, sloughing, and shallow landsliding, so it is reasonable to infer
that erosion, sloughing, and landsliding have caused the stream to further incise, and the banks
to retreat over time, leading to a greater span length than at the time of installation. Based on a
comparison between the 1947 and 2018 topographic maps, surface erosion is measureable at the
Buckeye Ranch Trail span, though not at the Girl Scout Camp span (Figure 32). The 600 foot
elevation contour line near the Buckeye Ranch Trail span has migrated approximately 280 feet
west between 1947 and 2018 and represents approximately 10 vertical feet of erosion (the
National Map Accuracy Standard for “well-located” objects on 1:24,000 scale maps is ±40 ft 52
and there is a shift in the North American Datum from NAD27 to NAD83).
During the site visit, evidence of these processes (e.g., erosion, sloughing) were observed at
each of the span locations (Figure 33). At the Buckeye Ranch Trail span, the root bulb of tree
Number 3 (Table 22) is exposed due to active erosion beneath the pipe. The tree’s root bulb is
located at the bottom of the pipe and thus an indication that since it’s growth, little to no erosion
52

Thompson, M.M., 1979, Maps for America, Cartographic products of the U.S. Geological Survey and others,
U.S. Geological Survey, 265 p.
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has occurred in that area beneath the pipe. Furthermore, based on its height and trunk size, the
tree is approximately 75 years old. It is contemporaneous to the original installation of the span,
and further evidence that the pipe was originally constructed to span the existing stream.
At the Girl Scout Camp site, evidence of active erosion was observed in the exposure of large
(previously buried) tree roots which cross beneath the span. The pipe span is also located at the
outer edge of a bend in the local drainage path which is the point of greatest erosion during
channel flow. Erosion at the Girl Scout Camp site is expected to continue to progressively
undermine the pipe span and especially at its lower exposure elevation.

Figure 32. Comparison between the 1947 (Left) and 2018 (Right) USGS 7.5 arc-minute
topographic maps of the Briones Valley quadrangle. Approximate locations of
spans indicated with stars, with the Buckeye Ranch Trail Span to the north and the
Girl Scout Camp span to the South (North is up).
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Figure 34. Comparison of laser scan cross section from mid-span on the
Buckeye Ranch Trail span to a perfect circle, demonstrating the
lack of out-of-roundness.

As demonstrated by Figure 34, out-of-roundness is not observed, and dents are not evident.
Nevertheless, a non-destructive examination of the span would ensure dents or gouges are not
present on the body of the pipe that may not have been detected by the laser scan data. Further,
the laser scan data shows an approximate bend radius of 184 feet 54. If the span were to have
been struck by a foreign object, it is likely the resulting bend radius would be small relative to
this observed large radius (see Figure 7).
For these reasons, it is likely the apparent bend in the span is actually a field bend, intentionally
added during the pipeline installation process in 1952. Lastly, it is not possible that erosion of
the adjacent embankments increased the span length from the original design such that the
apparent bend was induced. The presented stress analysis was performed on the current span
length of 47 feet, and if a shorter span were to be considered, it would not change the
54

PG&E Applied Technology Services Report No. 006.3.1-19.6, “Stress and Strain Calculations of the Bend in Gas
Transmission Line 191-1, Briones Regional Park, Buckeye Ranch Trail Span.” (Appendix C).
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conclusion. Rather, if a shorter span were to be considered, less elastic deflection would be
anticipated, and plastic deformation would still be required to achieve the observed bend radius.

Terrain Analysis
Lastly, laser scan data and depth-of-cover data were reviewed to understand the landscape
surrounding the span. These datasets were combined to create a profile of the pipe, which is
presented in Figure 35. In Figure 35, the estimated profile of the current pipe is shown in yellow
and labeled “Pipe route A.” This is estimated because the known points are the red dots which
represent depth of cover measurements provided by PG&E, and the pipe span. Areas of buried
pipe between these known points is interpolated. From review of this figure, the depth of cover
is clearly small relative to the localized depth of the creek bed in the bottom of the valley. This
profile shows that routing the pipe beneath the creek bed (a hypothetical pipe route, labeled
“Pipe route B,”) would have required significant effort on the part of the installation crew. More
likely, the installation crew simply created a span across the creek, instead routing the pipeline
under the creek. As the review of historical topographic maps has shown, the creek bed was
present in 1947, before the pipeline was installed.
This pipe-profile analysis has shown that that the pipe was likely designed as a span on
installation in 1952. Further, the profile of the pipe shows that the span is a local minima in
elevation, and it can be hypothesized that an installation crew would have added a field bend at
this location to accommodate the change in profile.
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Figure 35. Overlay of Buckeye Ranch Trail laser scan cross section with pipe depth of cover
data. Hypothetical pipe routes are shown by yellow and blue lines.

Summary of Installation Condition Analysis
From the above analyses, it has been shown that the Buckeye Ranch Trail span was likely a
designed span on installation, and that the apparent bend in the pipe is likely a field bend added
during installation. The bases for this conclusion include an analysis of erosion based on
historical and current topographic maps which concluded that some erosion may have occurred,
but not enough to expose the entire pipe section, a stress analysis which has shown that the
stresses necessary to create such a bend would have had to be plastic in nature, and that the
presence of the span is consistent with the elevation profile of the pipe.
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Conclusions
Based on our investigation, we have come to the following conclusions:
1. In the “as-is” condition (no outside forces), the Buckeye Ranch Trail span design safety
factor (compared to ASME B31.8 allowable stress, and the specified minimum yield
strength of the pipe) was between 3.5 and 1.1 for the “no residual stress” and “cold
bend” conditions, respectively, and 3.9 for the Girl Scout Camp span.
a. When safety factors are calculated relative to the actual measured yield strength
of the pipe, the resultant values are 5.0 and 1.5 for the Buckeye Ranch Trail in
the “no residual stress” and “cold bend” conditions respectively, and 5.6 for the
Girl Scout Camp span.
2. At the estimated pipe temperatures during a potential wildland fire, the calculated safety
factor relative to the ASME B31.8 allowable limits for the Buckeye Ranch Trail span is
between 0.8 and 0.5 (for the “no residual stress” and “cold bend” conditions), and was
0.8 for the Girl Scout Camp span. For this analysis, a safety factor less than 1.0 does not
indicate catastrophic failure, only that the elastic limit has been reached and plastic
deformation may occur in the form of pipe bending.
a. When safety factors are calculated for the wildland fire conditions relative to the
actual measured pipe yield strength, the resultant values are 1.1 and 0.7 for the
Buckeye Ranch Trail in the “no residual stress” and “cold bend” conditions
respectively, and 1.2 for the Girl Scout Camp span.
3. Mapped fault traces do not cross the pipe span locations (indicating little risk due to
surface fault rupture).
4. Ground shaking may be caused by earthquakes on faults in the vicinity. For the
estimated ground shaking, the ASME B31.8 safety factor for the Buckeye Ranch Trail
span was between 2.9 and 1.0, for the “no residual stress” and “cold bend” conditions,
respectively, and was 3.3 for the Girl Scout Camp span.
a. When safety factors are calculated for the ground shaking condition relative the
actual measured pipe yield strength, the resultant values are 4.1 and 1.4 for the
Buckeye Ranch Trail in the “no residual stress” and “cold bend” conditions
respectively, and 4.7 for the Girl Scout Camp span.
5. The analysis identified nine trees at the Buckeye Ranch Trail span and four trees at the
Girl Scout Camp span that, if fell, may result in a calculated safety factor of less than
1.0. 55
55

This analysis was performed using the most conservative assumptions of a cold bend, ASME B31.8 yield
strength derating factor of 0.9, and the specified minimum yield strength.
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6. Trees and surrounding brush in close proximity to the Buckeye Ranch Trail and Girl
Scout Camp spans serve to increase the temperatures to near 600 ºF in the case of a
wildland fire. Anticipated temperatures would be reduced in the absence of these trees
and surrounding brush. Removal of all vegetation within a 40-foot radius of the spans is
expected to reduce the temperature on the pipe sufficiently to increase the safety factor
above 1.0 for nearly all cases. 56
7. Based on geological and geotechnical analysis of the topography, a stress analysis of the
bend in the pipe, and terrain analysis including review of laser scan data, the Buckeye
Ranch Trail span was likely designed as a span on installation in 1952. Further, the bend
observed in the span was likely introduced intentionally during installation. We have
concluded that some erosion has occurred in the area since installation, though not
exposing enough length of the Buckeye Ranch Trail span to affect its load bearing
capacity.

56

Under the extreme case of cold-bend, ASME B31.8, the calculated safety factor is equal to 1.0 at a temperature
of 150° F, which is below the temperature that would be expected in a wildland fire with a 40-foot radius of
clearance.
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Limitations
At the request of PG&E, Exponent has conducted an investigation of two pipe spans from Line
191-1 near Mile Point
. Exponent investigated specific issues relevant to these pipe
sections, as requested by PG&E. The scope of services performed during this investigation may
not adequately address the needs of other users of this report, and any reuse of this report or its
findings, conclusions, or recommendations presented herein is at the sole risk of the user. The
opinions and comments formulated during this assessment are based on observations and
information available at the time of the investigation. A detailed inventory of all conditions was
outside of Exponent’s scope of work. No guarantee or warranty as to future life or performance
of any reviewed condition is expressed or implied.
Exponent has no direct knowledge of concealed construction or subsurface conditions beyond
what was exposed during our investigation. Comments regarding concealed construction or
subsurface conditions are professional opinions, derived in accordance with current standards of
professional practice and based on Exponent’s engineering experience and judgment. In
addition, future changes in the conditions of the subject property due to natural processes or
works of man may supersede the findings presented herein. As such, this report shall not be
considered a guarantee or warranty of the current conditions or future performance of the site or
improvements at the property.
Any preliminary repair recommendations in this report are intended to describe the nature and
scope of work required to restore safety and serviceability of the pipeline utilizing established
methods and materials. This report shall not be used as the basis for construction, as
implementation of the repairs recommended herein may require additional architectural,
engineering, and/or regulatory considerations, possibly including development of design
drawings and specifications.
The findings presented herein are made to a reasonable degree of engineering certainty. We
have made every effort to accurately and completely investigate all areas of concern identified
during our investigation. If new data become available or there are perceived omissions or
misstatements in this report regarding any aspect of those conditions, we ask that they be
brought to our attention as soon as possible so we have the opportunity to fully address them.
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Appendix B: Tree Fall Analysis Results
Buckeye Ranch Trail span
The tensile longitudinal stress is summarized in Table 29 for the no residual stress condition.
The related design safety factors and measured yield safety factors are given in Table 30 and
Table 31, respectively. Only the tensile longitudinal stress is given in Table 29; as the
compressive longitudinal stress is slightly less. For the evaluation of the design and measured
yield safety factors, both tensile and compressive longitudinal stresses are taken into account.
Table 29. Buckeye Ranch Trail span. Stress state in tree falling conditions (no residual
stress).
Tree

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SB,impact (psi)

SL (psi)

1

1,282

3,196

4,086

0

113,157

121,721

3

1,282

3,196

4,086

0

23,164

31,728

5

1,282

3,196

4,086

0

33,070

41,634

7

1,282

3,196

4,086

0

80,610

89,174

8

1,282

3,196

4,086

0

82,637

91,202

9

1,282

3,196

4,086

0

36,248

44,812

10

1,282

3,196

4,086

0

15,917

24,481

11

1,282

3,196

4,086

0

82,451

91,015

12

1,282

3,196

4,086

0

16,703

25,267

Table 30. Buckeye Ranch Trail span. Design safety factors in tree fall conditions (no
residual stress). 59
Tree

59

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1

0.3

0.3

0.3

0.3

3

1.0

1.1

1.0

1.0

5

0.8

0.8

0.8

0.8

7

0.4

0.4

0.4

0.4

8

0.3

0.4

0.3

0.3

9

0.7

0.7

0.7

0.7

10

1.3

1.4

1.3

1.3

11

0.3

0.4

0.3

0.3

See the Stress Evaluations section of this report for a discussion of the criteria.
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12

1.2

1.3

1.2

1.3

Table 31. Buckeye Ranch Trail span. Measured yield safety factors in tree fall conditions
(no residual stress). 60
Tree

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1

0.4

0.4

0.4

0.4

3

1.4

1.5

1.4

1.4

5

1.1

1.1

1.1

1.1

7

0.5

0.5

0.5

0.5

8

0.5

0.5

0.5

0.5

9

1.0

1.0

1.0

1.0

10

1.8

2.0

1.8

1.8

11

0.5

0.5

0.5

0.5

12

1.8

1.9

1.8

1.8

The results for the Buckeye Ranch Trail span for the case with the assumption of a cold bend
(residual stress) are summarized in Table 32. Also for this case, only the tensile longitudinal
stress is given. The design and measured yield safety factors are listed in Table 33 and Table 34,
respectively.
Table 32. Buckeye Ranch Trail span. Stress state in tree falling conditions (cold bend).

60

Tree

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SB,impact (psi)

SL (psi)

1

1,282

3,196

4,086

20,675

113,157

142,396

3

1,282

3,196

4,086

20,675

23,164

52,403

5

1,282

3,196

4,086

20,675

33,070

62,309

7

1,282

3,196

4,086

20,675

80,610

109,849

8

1,282

3,196

4,086

20,675

82,637

111,877

9

1,282

3,196

4,086

20,675

36,248

65,487

10

1,282

3,196

4,086

20,675

15,917

45,156

11

1,282

3,196

4,086

20,675

82,451

111,690

12

1,282

3,196

4,086

20,675

16,703

45,942

See the Stress Evaluations section of this report for a discussion of the criteria.
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Table 33. Buckeye Ranch Trail span. Design safety factors in tree fall conditions (cold
bend). 61
Tree

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1

0.2

0.2

0.2

0.2

3

0.6

0.6

0.6

0.6

5

0.5

0.5

0.5

0.5

7

0.3

0.3

0.3

0.3

8

0.3

0.3

0.3

0.3

9

0.5

0.5

0.5

0.5

10

0.7

0.7

0.7

0.7

11

0.3

0.3

0.3

0.3

12

0.7

0.7

0.7

0.7

Table 34. Buckeye Ranch Trail span. Measured yield safety factors in tree fall conditions
(cold bend).59
Tree

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1

0.3

0.3

0.3

0.3

3

0.9

0.9

0.9

0.9

5

0.7

0.7

0.7

0.7

7

0.4

0.4

0.4

0.4

8

0.4

0.4

0.4

0.4

9

0.7

0.7

0.7

0.7

10

1.0

1.0

1.0

1.0

11

0.4

0.4

0.4

0.4

12

1.0

1.0

1.0

1.0

Girl Scout Camp span
The tensile longitudinal stress is summarized in Table 35. The related design safety factors and
measured yield safety factors are given in Table 36 and Table 37, respectively. Only the tensile
longitudinal stress is given in Table 35; the compressive longitudinal stress is slightly less. For
the evaluation of the design and measured yield safety factors, both tensile and compressive
longitudinal stresses are taken into account.
61

See the Stress Evaluations section of this report for a discussion of the criteria.
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Table 35. Girl Scout Camp span. Stress state in tree falling conditions.
Tree

SP (psi)

ST (psi)

SB (psi)

SI (psi)

SB,impact (psi)

SL (psi)

1

1,282

3,196

3,115

0

64,030

71,263

2

1,282

3,196

3,115

0

99,090

106,683

5

1,282

3,196

3,115

0

25,432

33,025

6

1,282

3,196

3,115

0

64,063

71,656

7

1,282

3,196

3,115

0

24,804

32,397

8

1,282

3,196

3,115

0

58,907

66,501

Table 36. Girl Scout Camp span. Design safety factors in tree fall conditions. 62
Tree

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1

0.4

0.5

0.4

0.4

2

0.3

0.3

0.3

0.3

5

1.0

1.0

1.0

1.0

6

0.4

0.5

0.4

0.4

7

1.0

1.0

1.0

1.0

8

0.5

0.5

0.5

0.5

Table 37. Girl Scout Camp span. Measured yield safety factors in tree fall conditions.60
Tree

62

minimum

Criterion 1

Criterion 2a

Criterion 2b

B31.8 833.3

B31.8 833.4

B31.8 833.4

1

0.6

0.6

0.6

0.6

2

0.4

0.4

0.4

0.4

5

1.4

1.4

1.4

1.4

6

0.6

0.6

0.6

0.6

7

1.4

1.5

1.4

1.4

8

0.7

0.7

0.7

0.7

See the Stress Evaluations section of this report for a discussion of the criteria.

1907851.000 – 4368

B-4

Appendix C: PG&E ATS
Report No. 006.3.1-19.6
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