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1. EXECUTIVE SUMMARY 
This report summarizes the findings and recommendations of a seismic performance 
evaluation of Chabot Tower for the maximum design earthquake (MDE) and the 
maximum credible earthquake (MCE) ground motions. The MDE was chosen by the East 
Bay Municipal District as a ground motion having a 10 percent probability of exceedance 
in 50 years (a return period of 475 years). The MCE is estimated as a moment magnitude 
Mw 71/4 event on the nearby Hayward Fault 0.5 km west of the tower. The seismic 
evaluation consisted of simplified code calculations and three-dimensional (3D) linear-
elastic finite-element analyses. The material properties for the analyses were established 
using published data and observed physical conditions of the materials.  
 
Chabot Tower is a multi-level entry portal structure constructed against the Chabot Dam 
left abutment rock, on the west shore of Lake Chabot. Inflow from the tower is passed to 
Tunnel No. 2 through an 8-foot-diameter brick-lined outlet shaft behind the tower. The 
tower is approximately 23 feet square in plan and 48 feet tall. It is made primarily of 
plain stone masonry and cast against the rock along its back side and base with no 
anchors. At the top, the tower is capped with a 13-foot high reinforced concrete pavilion. 
The pavilion roof slab is supported on reinforced concrete perimeter beams, which in turn 
are supported by 18 hollow circular concrete columns. The pavilion is connected to the 
abutment rock through a concrete slab bridge at the roof level. 
 
The tower was modeled using 3D solid elements to represent the masonry and a portion 
of the foundation and abutment rock that support the tower.  The pavilion was modeled 
using frame elements for columns, shell elements for the roof slab, and 3D solid elements 
for beam girders and the slab bridge. The inertia forces of the surrounding and inside 
water due to earthquake shaking were represented by added hydrodynamic mass 
coefficients. The material properties for the concrete and masonry were assessed and 
established in accordance with FEMA 356 and the Uniform Building Code as well as the 
observed physical conditions of the materials. The elastic properties of the abutment rock 
were estimated using measured seismic velocities in the dam foundation and 
consideration of the rock condition and the level of ground shaking at the site. The tower 
was analyzed for the gravity and hydrostatic loads plus the effects of seismic loads. The 
evaluation for seismic loads was based on the 3D response-spectrum mode-superposition 
method using three components of the earthquake response spectra as the seismic input. 
The seismic performance of the tower was then assessed by comparing computed seismic 
force demands with section capacities of the reinforced-concrete pavilion, and seismic 
stress demands with tensile and shear strengths of the plain stone masonry. Such 
comparison tends to show the severity of damage and possible modes of failure from 
which the acceptability of the performance can be assessed.  
  
The results indicate that the reinforced-concrete pavilion will suffer severe damage and 
probably collapse in the event of a major earthquake with ground motions at the level of 
the MDE. This finding is supported by the demand-capacity ratios of the pavilion 
columns that reach as high as 6.21 for moment and 2.7 for shear. The results also show 
that the masonry tower will experience extensive tensile and shear cracking that could 
lead to formation of disjointed blocks and complete separation of the tower from the 
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abutment rock, as indicated by the tensile and shear stress demand-capacity ratios of 9 
and 2.1, respectively. Although the tower may not collapse, formation of disjointed 
blocks and separation from the abutment rock could diminish its load resisting 
capabilities. The valve shafts or shaft supports could be damaged causing accidental 
blockage of the sluice valves, thus blocking release of water from the reservoir. The 
situation will be even worse for a postulated MCE event on the nearby Hayward Fault 
which is capable of producing 40% larger seismic forces than the MDE.  
 
The estimated abutment stresses indicate that the 8-foot-diameter outlet shaft behind the 
tower would survive the MDE and MCE shaking, provided that the outlet is inspected to 
ensure that the brick liner is in good condition and that the gate operating steel gear has 
not corroded.  However, a deteriorated brick liner could suffer damage in a major 
earthquake and the resulting earthquake debris could potentially block the outlet works at 
the tunnel entrance. 
 
Based on the results of this study, the tower will respond in brittle mode, thus no further 
structural analysis or material testing is recommended. This is because nonlinear behavior 
is not permitted in brittle mode and the materials, even if tested, will not result in 
strengths as high as those demanded by the earthquake. However, depending on the 
operational needs and potential impacts on the release of water from the reservoir, 
additional efforts should be focused on retrofitting the structure to ensure it will remain 
functional in the event of a major earthquake. Strengthening the pavilion structure 
appears to be an expensive undertaking. Therefore, we recommend demolishing and 
removing the pavilion to eliminate the possibly of the pavilion collapsing on top of the 
masonry tower, especially since it offers no significant structural function. If desired a 
light steel frame structure may be designed as a replacement. With the pavilion removed, 
two options are proposed: 1) do not fix the masonry tower but remove the sluice gates (or 
the valve shafts) so that accidental blockage of the sluice valves will not occur, or 2) 
strengthen the masonry tower to stabilize and maintain its structural integrity by 
anchoring the tower into the foundation and abutment rock using external anchors. In 
Option 1, the outflow from the reservoir will be controlled by the sluice gate in the outlet 
shaft. However, the brick liner and the gate operating steel gear should be inspected and 
if necessary repaired for both options to preclude accidental blockage of the outlet shaft 
at the entrance to the tunnel. This may be accomplished by connecting the 30” lower inlet 
pipe to the tunnel.  
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2. INTRODUCTION 
2.1 GENERAL 
This report presents the results of a three-dimensional linear-elastic finite-element 
analysis conducted to assess the seismic performance of Chabot Tower. The study was 
performed for the East Bay Municipal Utility District (District) under a contract to the 
URS Corporation. This report was prepared by Yusof Ghanaat of Quest Structures and 
reviewed by Lelio Mejia, the URS Project Manager for this work. This report also 
includes work performed in support of this evaluation by Tennebaum-Manheim 
Engineers (TME) and OLMM Consulting Engineers, as Attachments I and II, 
respectively.  
 
Built in 1923, the tower was designed before modern seismic resistance codes and 
methods were in use. In 1991, the tower was evaluated by preliminary hand calculations 
using the 1988 UBC standards and found to be at high risk from an earthquake on the 
nearby Hayward Fault. The current study was therefore undertaken to assess the 
earthquake performance of the tower more thoroughly with the most recent code 
requirements and then proceed with a more detailed three-dimensional finite-element 
analysis.  
 
The 48 foot high stone masonry tower is a multi-level entry port for the 8-foot-diameter 
brick-lined outlet shaft behind the tower, which is completely surrounded by rock and 
soil.  A reinforced concrete pavilion structure 13 feet tall is built on top of the masonry 
tower for operation of the lower and mid level sluice gates.  The outlet works feed a 36-in 
pipe within a tunnel (Tunnel No. 2) that could be used as an emergency water supply 
from Chabot Reservoir.  Chabot Reservoir is normally used for recreation and has a main 
spillway separate from the outlet works plus another tunnel (Tunnel No. 3) for an 
auxiliary spillway.  The mid-level and lower inlet sluice valves are currently kept open. 
The outlet flow is regulated using a 36-in sluice valve located in the 8-foot-diameter 
outlet shaft at the entrance to Tunnel No. 2. The reservoir can be drained in about 36 days 
with the 30-in diameter lower inlet pipe that feeds the outlet shaft.   

2.2 DESCRIPTION OF TOWER 
Chabot Tower is a 48-foot-high multi-level entry portal structure constructed against the 
Chabot Dam left abutment rock, on the west shore of Lake Chabot in San Leandro, 
California. Figure 2-1 shows a photograph of the tower taken on September 12, 1924 
prior to impoundment of the lake. Figures 2-2 and 2-3 show elevation and plan views 
with section elevation depicting multi-level flow entry. Inflow to the tower is provided by 
the 8-foot opening in the upstream face. The water is then passed to the outlet shaft by a 
20-inch-square sluiceway at invert El. 214.3 ft, and also through an 8x10 ft discharge 
tunnel with invert El. 224.5. The discharge tunnel is partially blocked by stop timbers 
except for an opening in the center of the tunnel (Figure 2-2). A third inlet to the outlet 
shaft is provided by a 30-inch steel pipe buried at the bottom of the tower. In 1991, a 
short section was added to the 30-in pipe to prevent the lower inlet from being blocked 
from falling material. The sluice valves for both the 30-in and 20-in inlets are maintained 
in open position. The inflow from tower first enters the outlet shaft, and then passes to 
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Tunnel No. 2 at the bottom of the shaft through a 36-inch pipeline located inside the 
tunnel and regulated by a 36-inch sluice valve. The flow out of the reservoir can be 
controlled by either the 36-in sluice valve located at the entrance to the tunnel or by the 
two 36-in butterfly valves downstream near the blow-off structure. 

The tower is approximately 23 feet square in plan but it is slightly narrower on the 
upstream or north side (Figure 2-3). It is made primarily of plain stone masonry, except 
for the top part, which includes layers of dressed stone, bricks, and concrete. The slightly 
embedded tower is simply cast against the abutment rock along its back side and the base 
with no anchors. Any tension and shear resistance at the contact surfaces are therefore 
limited to tensile and shear strengths of the mortar.  At the top the tower is capped with a 
13-foot-high reinforced concrete pavilion which houses the lower and mid-level inlet 
sluice gate operators. The pavilion roof slab is reinforced concrete and is supported on 
reinforced-concrete perimeter beams. These beams in turn are supported on 18 hollow 
circular reinforced-concrete columns with outside and inside diameters of 15 and 11 
inches, respectively. The columns and slotted reinforced-concrete floor (pre-cast concrete 
floor) rest on about 4.5 feet of concrete above the masonry tower. The total height of the 
tower including the pavilion is around 53 ft. The ground level is at an elevation of 203 ft 
and the spillway is at an elevation of 227.25 ft.  

 
Figure 2-1: Construction photo taken on September 12, 1924
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Figure 2-2: Section/elevation view showing multi-level entry portal structure and 8-foot brick-lined outlet shaft 
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Figure 2-3: Floor plan and plan beneath the floor of tower structure



 

2.3 SCOPE OF WORK 

The scope of work for seismic performance evaluation of Chabot Outlet Tower consisted 
of the following tasks: 
 
Task 1: Material properties and condition assessment 

This task involved a review of existing data and site visits to assess the physical condition 
of the concrete and masonry. The field conditions and observations were documented 
with photographs and sketches. The existing drawings and historical photographs were 
retrieved to establish the as-built geometry and modifications. Default lower-bound and 
expected material properties for the concrete and masonry were established in accordance 
with FEMA 356 and also based on the field observations and inspection. This task was 
performed by Tennebaum-Manheim Engineers (TME) and reviewed by Quest Structures. 
A summary of the findings of this task is reported by TME as Attachment I to this report. 
 
Task 2: Simplified baseline analysis 
This task included a review and updating of the 1991 District’s calculations. The updated 
analysis consisted of equivalent-lateral-force calculations in accordance with the 2001 
California Building Code (CBC). Both the reinforced-concrete pavilion and the masonry 
tower were analyzed and section capacities for the reinforced-concrete and masonry 
members were calculated using the material properties established under Task 1. The 
demand-capacity ratios for various members were computed to assess seismic 
performance of the tower and to compare with the results of finite-element analysis. The 
simplified analysis was carried out by OLMM Consulting Engineers and reviewed by 
Quest Structures. The results and findings of this task are reported in Attachment II. 
 

Task 3: Three-dimensional finite-element analysis  
The task of 3D linear-elastic response-spectrum analysis was performed by Quest 
Structures using the material properties established under Task 1. This task consisted of 
the following activities. 

a. Conduct a site visit and review existing data, design and construction drawings, 
and previous calculations to establish the geometry and evaluation methodology. 

b. Develop a SAP2000 3-D linear model consisting of the masonry tower, 
reinforced-concrete pavilion, and the abutment and foundation rock. The added 
hydrodynamic mass of the surrounding and contained water were to be estimated 
using standard procedures. 

c. Perform linear-elastic analysis using the 3D model with three components of 
earthquake response spectra applied along principal axes of the tower. The 
seismic input was to include the 5%-damped response spectra for the MDE and 
MCE developed by URS.  
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Task 4: Evaluation of seismic performance of tower 
This task was also performed by Quest Structures with the following subtasks: 

a. Evaluate the results by comparing stress and force demands with strength and 
force capacities to assess the seismic performance of the tower. Depending on the 
severity of damage, assess the need for additional work or retrofit fixes.  

b. Prepare a detailed engineering report to summarize the results of the tower 
evaluation including the data review, the analysis methodology and conclusions, 
and recommendations for further work, if necessary.   
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3. EVALUATION CRITERIA 
The seismic evaluation criteria for Chabot Outlet Tower were established based on force 
and stress demand capacity ratios and consideration of potential failure modes. The 
evaluation criteria were formulated considering the following:   

• An approach based on demand-capacity ratios 
• Review of existing data and available drawings and historical photographs to 

establish geometry and method of construction 
• Site visit to assess physical condition of the concrete and masonry  
• Establishment of design/evaluation earthquakes 
• Establishment of material properties in accordance with FEMA 356 and the UBC 

as well as the visual assessment of structure 
• Evaluation loads including static and seismic 
• Methods of analysis including both simplified code procedures and a more 

detailed three-dimensional finite-element structural analysis 

3.1 METHODOLOGY AND APPROACH 
The earthquake performance of Chabot Outlet Tower is assessed by comparing seismic 
force demands with section capacities of the reinforced-concrete pavilion, and seismic 
stress demands with tensile and shear strengths of the plain stone masonry. Such 
comparisons tend to show what region of the tower will suffer damage in the form of 
yielding of reinforcing steels and cracking and/or crushing of the concrete and masonry. 
For this purpose, the seismic force and stress demands are obtained from the 3D linear-
elastic finite-element analysis using the established material properties. The shear and 
moment capacities of the reinforced-concrete members are estimated in accordance with 
the ACI specifications and the US Army Corps of Engineers EM 1110-2-2400 (USACE, 
2003). For reinforced-concrete columns the moment capacity is obtained from the axial 
force-bending moment interaction diagrams. The shear, tensile, and compressive stress 
capacities of the brick and stone masonry are established from the FEMA and UBC 
specified strength values. 
 
If the results of linear-elastic analysis indicate that the force and stress capacities are not 
exceeded, the tower is judged to perform satisfactorily. Otherwise, the magnitudes and 
spatial extent of demand-capacity ratios are used to assess severity of the damage and 
probable modes of failure. The demand-capacity ratios for brittle mode of behavior 
involving shear should not exceed 1, while the demand-capacity ratios for flexural 
behavior of reinforced-concrete members could reach a value of 2. The tensile and shear 
demand-capacity ratios for the plain masonry should also not exceed 1. 

3.2 REVIEW OF EXISTING DATA 
Existing information including site plans, structural drawings, and historical photographs 
were reviewed to establish the geometry and method of construction for seismic 
evaluation of the tower. A list of all drawings retrieved for this review is given in 
Attachment I. The data show that the stone masonry tower was embedded and cast 
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against the abutment rock. The tower walls are mainly made of stone masonry, except 
that concrete and bricks were also used in the top of the walls. In addition, bricks were 
employed on the inside faces of the walls. Based on this information, the three-
dimensional model of the tower was arranged accordingly and material properties were 
assigned consistent with distribution of the stone masonry, concrete, or bricks. 
 
The 1991 District analysis of the Chabot Outlet Tower was reviewed and is discussed in 
Section 4.0 of Attachment II. The 1991 analysis was based on the 1988 UBC assuming 
that the pavilion is a Special Moment Resisting Space Frame (SMRSF) and that the tower 
walls are cantilevered at the base. The tower was analyzed for two levels of seismic 
forces and found to be severely damaged in both cases. 

3.3 DESIGN/EVALAUTION EARTHQUAKES 
The Chabot Tower is evaluated for the maximum design earthquake (MDE) and checked 
for the maximum credible earthquake (MCE). The MDE is defined as the maximum level 
of ground motion for which the structure is designed or evaluated (USACE, 2003). The 
MDE was chosen by the District as a ground motion having a 10 percent probability of 
exceedance in 50 years (a return period of 475 years). Since the selected MDE ground 
motion is lower than the level of ground motion at 10 percent in 100 years (a return 
period of 950 years) recommended by USACE (2003), the tower is also checked for the 
MCE ground motion. In the period range of interest (< 0.2sec), the MCE ground motion 
corresponds to the 1300- to 1500-year motion. In this period range of interest, the 950-
year motions are 25 to 30% higher than the MDE motion per URS memorandum (2004a 
and b).  
 
By definition the MDE ground motion is estimated probabilistically by considering 
contributions from all significant seismic sources of different magnitudes and distances.  
The MDE ground motions in the form of equal hazard response spectra are given in 
Section 3.6.3. 
 
The MCE ground motions at the site were estimated for stability analysis of Chabot Dam 
using a deterministic approach. Among several seismic sources considered, the Hayward 
fault, located 0.5 km west of the dam, was found capable of generating the strongest 
ground motion at the site and was selected as the controlling MCE. The estimated 
maximum magnitude for the Hayward fault is Mw 71/4.  

3.4 MATERIAL PROPERTIES AND CONDITION ASSESSMENT 
Material properties and condition assessment of Chabot Tower are described by 
Tennebaum-Manheim Engineers in Attachment I.  Concrete was assessed in accordance 
with FEMA 356-6.3.3.2.1. Overall, the visual inspection indicates that the tower structure 
is in good condition. The pavilion roof shows signs of spalling and rust jacking, but the 
remainder of the concrete appears to be in good condition. Based on these assessments a 
knowledge factor of 0.75 was assigned to the pavilion roof and 1.0 to the concrete below 
the roof. The knowledge factor, as required by FEMA 356, is used to account for 
uncertainty in the collection of as-built concrete or masonry data. For example, default 
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strength values for the pavilion roof were reduced by 25 percent to account for the 
spalling and rusting damage.   

Masonry was assessed in accordance with FEMA 356-7.3.3.1. Only masonry above the 
water level could be examined, which appeared to be in good condition.  

Table 3-1 lists the lower bound and expected material properties established for the 
concrete and masonry based on default values and visual examination of the structure. As 
discussed later in Section 5-3, Chabot Tower is a short-period structure with force-
controlled seismic behavior.  Thus its seismic response is governed by the magnitudes of 
forces and stresses rather than deflections caused by flexural response. As a result the 
lower bound material properties will be used in the analysis and evaluation. 

In addition to material properties of the concrete and masonry, the elastic properties of 
the abutment rock were also needed for the 3D analysis of the tower. The elastic modulus 
and Poisson’s ratio of the abutment rock were estimated by URS based on the measured 
seismic velocities at the dam site, the rock condition at the tower, and the anticipated 
level of ground shaking. A rock modulus of 720 ksi and a Poisson’s ratio of 0.43 were 
obtained, which are consistent with shear and compression velocities of 850 and 2500 
m/s, respectively. 

Table 3-1: Summary of material properties reported by TME 

Material 
(density) Location Property Lower Bound 

(psi) 
Expected 
Strength 

(psi) 
Compressive Strength, f'

c 1875 2812 

Reinforcing Tensile Strength 
(& Yield) 

41,250 
(24,750) 

51,560 
(30,938) 

Roof beams 
& 

slab 
Elastic Modulus, Ec 2,850,000 2,850,000 

Compressive Strength 2500 3750 

Reinforcing Tensile Strength 
(& Yield) 

55,000 
(33,000) 

68,750 
(41,250) 

Concrete 
(150 pcf) 

Columns, 
floor, slab, and 

beams 
 

Elastic modulus, Ec 2,850,000 2,850,000 

Compressive Strength 900 1170 

Tensile Strength 20 26 

Shear Strength 27 35 

Elastic Modulus 643,500 643,500 

Brick 
(120 pcf) Throughout 

Shear Modulus 257,400 257,400 

Compressive Strength 1800 2340 

Tensile Strength 20 26 

Shear Strength 54 70 

Elastic Modulus 1,287,000 1,287,000 

Stone 
Masonry 

&  
Dressed 
Stone 

(160 pcf) 

Throughout 

Shear Modulus 514,800 514,800 
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3.5 METHOD OF ANALYSIS 

Chabot Outlet Tower includes two unique structural features that significantly affect its 
seismic response. These include the abutment support on the downstream face and the 
plain stone masonry construction. The abutment provides additional support and 
excitation along the height of the tower. The tower is therefore not a freestanding 
cantilever and its behavior must be captured using a three-dimensional model. Similarly, 
the pavilion structure is attached to the abutment through a concrete slab bridge on the 
back of the structure, a condition that will subject the pavilion to torsion and must be 
treated in three dimensions. The plain masonry construction introduces modes of failure 
that to a large extent depend on the fracture of mortar joints due to tension and shear. 
Consequently, the 3D finite-element response-spectrum analysis has been adopted to 
more accurately address these issues. The 3D model described later includes the masonry 
tower, the pavilion, the effects of inside and outside water, as well as a portion of the 
foundation and abutment rock adjacent to the tower structure. 

In addition to the 3D finite-element analysis, an equivalent lateral load calculation based 
on current code requirements was carried out to update the 1991 District analysis and also 
to provide baseline results for the more elaborate 3D finite-element analysis.  

3.6 EVALUATION LOAD 

The following loads are considered for the 3D response-spectrum analysis of Chabot 
Tower. 

3.6.1 Dead Loads 
Dead loads for concrete and stone and brick masonry are based on their respective unit 
weights listed in Table 3-1. The dead loads due to reinforced concrete that make up the 
pavilion were assumed the same as the weight of plain concrete and were applied the 
same way. The weight of the pre-cast floor was distributed as nodal loads depending on 
the tributary area.  

3.6.2 Hydrostatic Loads 
Hydrostatic pressures acting on the east (upstream), west (abutment), north and south 
faces of the tower were computed using a unit weight of 62.4 pcf for the impounded 
water. The water level was assumed at El. 227.25 feet, same as the spillway crest. These 
hydrostatic pressures were applied to the corresponding faces of the 8-node solid 
element. Note that although the horizontal hydrostatic loads in the north-south direction 
cancel out, there exists a net hydrostatic force in the abutment direction due to sloping 
and stepped construction of the outside faces of the walls.  
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3.6.3 Seismic Loads 
Seismic loads for evaluation of Chabot Tower consist of inertia forces generated by 
horizontal and vertical components of the MDE response spectra. The 5%-damped MDE 
equal-hazard acceleration response spectra for the horizontal and vertical directions were 
developed by URS (2004b). They are listed in Table 3-2 and are also shown in Figure 3-
1. The estimated peak horizontal and vertical accelerations for the MDE are 0.74g and 
0.72g, respectively. 
 
The 5%-damped response spectral accelerations for the horizontal component of the 
MCE are given in Table 3-3 and shown in Figure 3-2. Also provided in Table 3-3 are 
ratios of the MCE to MDE spectral accelerations for comparison. These ratios show that 
the MCE spectral accelerations are about 40 percent higher than those of the MDE in the 
period range of the tower structure (i.e. less than 0.3 sec). Accordingly, the linear-elastic 
seismic response due to the MCE will be about 40% higher than that estimated for the 
MDE. 
 
 
 

Table 3-2: MDE Response Spectra at 5% damping 

Response Spectral Acceleration, Sa(g) Period 
(sec) Horizontal  Vertical 
0.02 0.74 0.72 
0.05 1.10 1.59 
0.07 1.28 1.84 
0.10 1.49 1.86 
0.15 1.70 1.43 
0.20 1.76 1.21 
0.30 1.59 0.90 
0.50 1.20 0.62 
0.75 0.89 0.47 
1.00 0.66 0.37 
1.50 0.43 0.26 
2.00 0.30 0.19 
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Table 3-3: MCE Response Spectra at 5% damping 

Response Spectral Acceleration, Sa(g) Period 
(sec) Horizontal  MCE/MDE  Ratio 
0.010 1.05 1.41 
0.020 1.05 1.41 
0.050 1.49 1.36 
0.075 1.78 1.39 
0.100 2.05 1.38 
0.150 2.41 1.42 
0.200 2.55 1.45 
0.300 2.44 1.54 
0.400 2.26 1.66 
0.500 2.04 1.51 
0.750 1.67 1.88 
1.000 1.40 2.13 
1.500 0.95 2.22 
2.000 0.70 2.32 
3.000 0.43  
4.000 0.30  
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Figure 3-1: MDE Horizontal and Vertical Spectral Accelerations at 5% damping 
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Figure 3-2: Comparison of MCE with MDE Horizontal Spectral Accelerations at 
5% damping 

3.6.4 Hydrodynamic Loads 
The hydrodynamic effect of surrounding water due to seismic loading is represented by 
added mass terms using the Generalized Westergaard Added-Mass Method (Kuo 1982). 
For inside water, the total mass of water captured in the tower was distributed among the 
interior nodes in accordance with the tributary area. 

3.6.5 Load Combinations 
The 3-D finite-element analyses of Chabot Tower are performed for the usual static and 
seismic loading combinations. The self weight and hydrostatic loads are applied 
separately to check the model and then combined with the effects of seismic loads due to 
three components of ground motion as follows: 
 

222
EZEYEXHSW QQQQQQ ++±+=  (3-1) 

where 
Q = Peak value of thrust, shears, and moments or stresses due to self weight, hydrostatic, 

and seismic loads 
QSW = Effects resulting from self weight  
QH = Effects resulting from hydrostatic pressures 
QEx = Effects resulting from the x (north-south) component of input response spectra 
QEy = Effects resulting from the y (east-west) component of input response spectra 
QEZ = Effects resulting from the z (vertical) component of response spectra 
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4. SIMPLIFIED BASELINE ANALYSIS AND SECTION CAPACITIES 

4.1 STRUCTURAL MODELING 

The simplified analysis and computation of section capacities are reported by OLMM as 
Attachment II to this report. The simplified analysis was carried out based on equivalent 
lateral forces in accordance with the 2001 California Building Code. The pavilion and the 
tower were analyzed separately using an importance factor of 1.5 per 2001 CBC. 

Two cases were analyzed. In Case I, the pavilion was assumed fixed at its lower level and 
was analyzed for a base shear of 1.125 times its weight.  The base shear factor was 
obtained from the seismic Zone 4 specification with Fault Type A, Soil Type SB, and near 
source distance of 0.5 km. Note that the resulting base shear factor of 1.125 is twice the 
0.54 used in the 1991 District analysis per 1988 UBC. In Case II, the lower one-third of 
the tower is embedded was assumed to be embedded in the abutment rock. This 
assumption resulted in 25% reduction in the base shear, but tensile and shear stresses still 
exceeded corresponding capacities.  

In both cases the masonry tower was analyzed as a cantilever structure, which resembled 
the Cantilevered Column Building Systems in 2001 CBC. The seismic forces included 
inertia forces due to the mass of walls and mass of the pavilion, but ignored water inertia 
forces caused by seismic shaking. The water inertia forces appear to be significant and 
could increase seismic base shear by as much as 25 to 50%.  

4.2 SECTION CAPACITIES 
Computation of section capacities is discussed in Appendix A of the OLMM report. The 
flexural, axial, and shear capacities for various members were computed using the 
material properties established in Section 3.3 and the current code standards. However, 
the resulting capacities for certain members were reduced to account for inadequate or 
lack of shear reinforcements and insufficient confinement and detailing that are necessary 
to develop full capacities. For example, the beam moment capacities were taken as 50% 
of the code-calculated values, while the moment and axial force capacities for columns 
were taken as 33% of those given by the code.  
 
The flexural strength of pavilion columns subjected to both bending moment and axial 
load is characterized by the axial load-bending moment interaction diagram. Computation 
of the interaction diagrams was accomplished using the PCACOL computer program. 
The axial load reduction factor of φp = 0.7, and the bending moment reduction factor of 
φM = 0.9 were used in accordance with the ACI code. The resulting interaction diagram is 
displayed in Figure 4-1. 
 
The masonry strength parameters in Table 3-1 were obtained from FEMA 356. However, 
a literature search indicated that other sources such as the UBC recommend significantly 
different values. For this evaluation, therefore, the tensile and shear strengths of brick and 
stone masonry were established as the average of the values given by FEMA and the 
UBC in Tale 4-1 below. 
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Figure 4-1: Axial load-bending moment interaction diagram for pavilion columns 

Table 4-1: Summary of member capacities 

Moment Capacity (k-ft) 
f= 0.9 Structure Member 

At Supports At Midspan 

Shear 
Capacity (kips) 

f= 0.85 

Roof Beam 32* 30* 51.01 
Roof slab bridge -- -- 80.09 
Columns Varies with axial force, see Figure 4-1 8.93 
“L” Shape Floor Beam-1 24 32 19.51 
“L” Shape Floor Beam-2 40 32 25.76 
Interior Rectangular 
Floor Beam 23 30 10.46 

Reinforced 
Concrete 
Pavilion 

Beam Connecting Tower 
Walls 64* 71* 61.20 

* Moments reduced by 50% due to lack of ties and detailing 

Structure Material Type 
Compressive 

Strength1  
(psi) 

Tensile 
Strength  

(psi) 

Shear  
Strength  

(psi) 
Concrete  2500 2502 1002

Brick  900 17.53 213

Dressed Stone  1800 144 314
Masonry 

Tower 

Stone Masonry 1800 144 314

1 Compressive strengths per TME as listed in Table 3-1 
2 Tensile and shear strengths of concrete were taken equal to 0.1fc

’ and 2(fc
’)^1/2, respectively, per 2001 CBC. 

3 Tensile and shear strengths of brick were adjusted by averaging values reported by TME with allowable working 
stresses given for joints by UBC Table 24-B (Tensile = (20+15)/2=17.5, shear = (27+15)/2=21 psi). 

4 Tensile and shear strengths of stone were adjusted by averaging values reported by TME with allowable 
working stresses given for joints by UBC Table 24-B (Tensile = (20+8)/2=14, shear = (54+8)/2=31 psi). 
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4.3 RESULTS AND FINDINGS OF SIMPLIFIED ANALYSIS 

Results of the simplified analysis are summarized in the form of demand-capacity ratios 
for various structural members in Tables 4-2 and 4-3. Based on the demand-capacity 
ratios (DCR) listed in Table 4-2, the OLMM analysis indicates that the roof beams could 
fail in bending and that in the absence of ties the longitudinal reinforcement might 
buckle. The pavilion columns show failure both in bending and shear. Again the lack of 
ties and adequate confinement in the columns is likely to lead to the collapse of the 
pavilion structure. 
 
The DCR values for different material layers that make up the tower are summarized in 
Table 4-3. The results indicate that the masonry sections of the tower (i.e. 90% of height) 
are overstressed in tension; the stone masonry section (i.e. 80% of height) is also 
overstressed in shear. Based on these results, the simplified analysis indicates that severe 
damage could be expected across the walls leading to possible collapse of the tower. 
 
 

Table 4-2: Summary of force demand-capacity ratios for pavilion 

DEMAND-CAPACITY RATIO (DCR) 

Structure 
 

Member Type  
 

Moment 
at 

Supports 

Moment  
at 

Midspan 

Shear  
Force 

Roof Beam 3.96 2.82 0.71 

Column Moment + Axial:        5.85 1.23

Floor Beam 0.67 0.41 0.42 

Reinforced 
Concrete 
Pavilion 

Roof Slab Bridge   0.92 

 
 
 

Table 4-3: Summary of stress demand-capacity ratios for masonry tower 

DEMAND-CAPACITY RATIO (DCR)* Layer 
No. Height (ft) 

 
Material Type 

 
Compressive Tensile Shear 

1 4’-6” Concrete 0.02 0.13 0.15 

2 1’-6” Brick 0.08 3.07 0.81 

3 3’-3” Dressed Stone 0.08 7.91 0.70 

4 35’-9” Stone Masonry 0.73 86.81 1.48

* Case-I: full embedment 
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5. THREE-DIMENSIONAL FINITE-ELEMENT ANALYSIS 
As discussed in Section 3.4, the seismic performance of Chabot Intake Tower should be 
evaluated using 3D finite-element analysis. The support and excitation provided by the 
abutment cannot be handled by code procedures, where the structure is assumed to be 
fixed at its base only. This is because, the code procedure applies the entire lateral force 
to the base of the structure in the form of overturning moment and shear, thus ignoring 
the fact that only a portion of the total lateral force reaches the base and the remainder is 
resisted by the abutment support. The 3D analysis of Chabot Intake Tower was conducted 
using the SAP2000 finite-element program. It involved developing a 3D structural model 
for the masonry tower, the pavilion structure, and a portion of the abutment and 
foundation rock supporting the tower, followed by application of static and seismic loads 
to assess earthquake performance of the tower to ground motion hazard dominated by the 
nearby Hayward Fault.   
 
This chapter presents the 3D modeling, analysis procedures, and evaluation of the results.  
The evaluation begins with static analysis to check the 3D finite-element model by 
applying and examining the effects of each load separately. The 3D model is analyzed for 
the self weight and hydrostatic load cases. The evaluation then continues by performing 
linear-elastic response- spectrum analysis of the tower with and without the bridge 
support at the back of the pavilion.  

5.1 DESCRIPTION OF FINITE ELEMENT MODEL 

Figures 5-1 to 5-7 show an elaborate finite-element model developed for the masonry 
tower, the pavilion, the bridge, and the foundation and abutment rock supports. The 
geometry was obtained from the available drawings, historical photographs, and data 
collected during the site visit. The masonry walls and the natural foundation and 
abutment rock were discretized with an assembly of 8-node solid elements. The 
reinforced concrete pavilion was modeled by a combination of frame, shell, and 8-node 
solid elements. The complete finite element model consisted of 7,388 solid elements, 150 
frame elements, 229 shell elements, and 9,636 nodal points. A refined model such as this 
was necessary to permit shear contribution from higher modes. 

5.1.1 Masonry Tower 
The finite-element mesh for the masonry tower was developed such that the four distinct 
material types including the concrete, brick, dressed stone, and the stone masonry could 
be grouped separately with its own properties, as given in Table 3-1. Brick layers on the 
inside face of the tower walls were also grouped separately so that brick properties could 
be assigned to these layers, thus distinguishing them from the adjacent concrete or stone 
masonry. The model also included a reinforced-concrete beam that connects the masonry 
walls at the top of the front face (Figure 5-3), a structural member that was not 
considered in the simplified analysis. 
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5.1.2 Reinforced Concrete Pavilion 
Figure 5-6 shows the finite-element model for the reinforced-concrete pavilion 
separately. The columns and floor beams were represented by frame elements. The roof 
slab and parapet walls were modeled using shell elements, while the roof perimeter 
beams and the concrete footings were represented by 8-node solid elements. The pre-cast 
slabs covering the openings are not structurally significant, thus only their inertia forces 
in the form of nodal masses were represented and distributed according to the tributary 
area. An important structural feature of the pavilion is its connection to the abutment 
through the reinforced-concrete slab bridge in the back. The bridge not only restrains 
movements of the pavilion, but also excites 
the pavilion by the abutment motions. 
However, the bridge connection to the 
pavilion is vulnerable and could be severely 
damaged during the earthquake shaking. In 
fact, this connection has already cracked 
partially, as observed during the site visit 
(photo on right).  Therefore, two cases were 
analyzed: 1) first the bridge was connected 
to the pavilion to assess its effects and 
vulnerability, and 2) it was not connected to 
the pavilion after it had been determined that 
it would completely crack.  

Slab Bridge 
Crack 

 

5.1.3 Foundation and Abutment Rock 
A portion of the foundation and abutment rock was included in the finite-element model 
of the tower structure to provide support for the structure, to account for flexibility of the 
surrounding rock, and to excite the structure from both the base and abutment supports. 
The foundation and abutment rock model was developed by extending a mesh of 8-node 
solid elements a distance equal to the tower dimensions in the downward, left and right, 
and backward directions. The foundation and abutment mesh were assumed massless, 
thus only flexibility of the rock was considered. The seismic input was applied at exterior 
foundation-abutment nodes, the boundary nodes that were assumed to be fixed in space. 

5.1.4 Hydrodynamic Effects of Water 
The hydrodynamic effects of outside water due to seismic loading were represented by 
added-mass terms using the Generalized Westergaard Added-Mass Method (James S.-H. 
Kuo, 1982). For the fully contained inside water, the added-mass was represented by the 
weight of water distributed among the interior nodes in accordance with the tributary 
area. The reservoir water elevation was assumed to be at the spillway crest elevation of 
227.25 ft.  
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Figure 5-1: Front view of the tower, 

foundation, abutment, and pavilion model 
 

 
 

Figure 5-2: Back view of the tower, 
foundation, abutment, and pavilion model 
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Figure 5-3: Front view of the tower model 

 

 
Figure 5-4: Front view of the foundation 

model 
 
 
 
 

South Face 
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Figure 5-5: Top of Tower at El. 239 ft. 
 

Figure 5-6: Pavilion model  
 
 
 
 

 
Figure 5-7: Vertical mid-section view showing stop timber slots and 8' x 10' 

waste tunnel. Also shown are pavilion roof beams and slab and floor beams and 
slab.  
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5.2 STATIC ANALYSES 

The 3D finite-element model described in Section 5.1 was analyzed for gravity and 
hydrostatic loads to compute static stresses and forces that are required for combination 
with dynamic stresses and forces due to earthquake loading. The gravity and hydrostatic 
loads were applied separately so that the accuracy of the finite-element model could be 
verified, because gravity or hydrostatic stress patterns can easily be recognized and 
examined.  The stresses are computed for all elements which include both the north and 
south walls. However, since the results are about the same for both walls, only the results 
for the south wall are discussed below.  
 
The self weights of the pavilion and tower were determined and applied as described in 
Section 3.5.1. Figure 5-8 displays the self-weight vertical stresses on three faces of the 
south wall. The stresses range from -56 psi (compression) at the bottom of the wall to 0 
psi at the top of the wall. As expected, the magnitudes of vertical stresses increase from 
top to bottom in accordance with the weight increase. 
 
The hydrostatic loads were applied as surface pressures on appropriate faces of the tower 
walls as described in Section 3.5.2. Figure 5-9a shows the hydrostatic horizontal stresses 
on three faces of the south wall. The stress values range from 0 to -1.5 psi (compression) 
at the bottom to -12 psi at one element row above the base, and finally to 0 psi at the 
water surface. Note that the stress magnitudes are in close agreement with the hydrostatic 
surface pressures. The horizontal hydrostatic stresses parallel to the wall (y-direction) are 
shown in Figure 5-9b, while the vertical stresses caused by water pressures acting on the 
east face of the tower are shown in Figure 5-9c. 
 
The north wall of the tower behaves similarly, except that deformations and the stresses 
for the thinner north wall are slightly higher than those shown for the south wall. 
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Figure 5-8: South-wall vertical stresses due to self weight (psi) 
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Figure 5-10 displays three of the most significant vibration modes of the Chabot Tower. 
The first mode with a period of 0.085 sec (11.76 Hz) is the pavilion bending mode, where 
the pavilion undergoes transverse deformations in the north-south direction with some 
noticeable amount of torsion caused by the bridge support, see Figures 5-10a and b.  The 
second mode at 0.059 sec (16.98 Hz) represents a combined out-of-phase bending mode, 
where the pavilion and masonry tower bend transversely in opposite directions (Figure 5-
10c). Note that this mode has a mass participation of 39.22 percent which is attributed to 
the mobilized mass of the masonry tower. The third mode with a period of 0.052 sec 
(19.6 Hz) and a mass participation primarily in the vertical direction (as compared to its 
mass participations in the N-S and E-W directions) is fundamental bending mode of the 
pavilion roof slab, as shown in Figure 5-10d. Based on these results, the tower structure is 
classified as a short-period (high-frequency) structure whose periods fall in the ascending 
region of the response spectra. This indicates a force-controlled (force capacity is attained 
prior to flexural capacity) behavior for which nonlinear deformations are not permitted.  
 

Table 5-1 Vibration periods and modal participating mass ratios  

Individual Mode (%) Cumulative (%) Mode Period  
(sec) N-S  E-W Vertical N-S E-W Vertical 

1 0.085 7.81 0 0 7.81 0 0 
2 0.059 39.22 0 0.015 47.03 0 0.015 
3 0.052 0 0.04 1.73 47.04 0.04 1.74 
5 0.035 7.03 0.02 0.01 54.36 0.72 1.76 
6 0.031 0 8.34 3.97 54.36 9.06 5.73 
7 0.027 0.01 3.25 44.64 54.38 12.31 50.37 
8 0.026 1.08 0.20 2.46 55.45 12.51 52.83 
11 0.023 0 0.58 4.23 55.49 14.03 57.12 
13 0.021 0 3.29 0.01 55.62 17.81 57.13 
14 0.020 13.39 15.49 0.31 69.00 33.30 57.44 
15 0.020 3.20 7.06 0.15 72.20 40.36 57.60 
16 0.020 9.51 23.85 0.14 81.72 64.21 57.74 
17 0.019 0.08 1.16 0.21 81.80 65.38 57.95 
18 0.019 3.13 4.31 0.09 84.93 69.68 58.03 
19 0.019 0.47 3.34 1.60 85.40 73.02 59.63 
20 0.018 0.26 1.33 0.46 85.65 74.35 60.09 
22 0.017 0.011 1.90 4.00 85.88 76.50 64.87 
23 0.017 0 1.18 0.95 85.88 77.68 65.82 
24 0.016 0.34 7.28 10.34 86.21 84.96 76.16 
25 0.016 0.14 0.59 9.69 86.36 85.55 85.85 
26 0.015 1.99 0.70 0.81 88.35 86.25 86.66 
28 0.015 0.05 0.07 1.49 88.55 86.63 88.37 
29 0.014 0.25 1.04 0 88.79 87.67 88.37 
31 0.013 014 1.54 1.03 89.55 89.40 89.48 
33 0.012 2.62 0.24 0.06 92.45 90.17 89.59 
34 0.011 0.18 1.44 0.53 92.63 91.61 90.11 
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a) Mode-1 viewed from south east 

T1 = 0.0850 sec 
 
 

(b) Mode-1 viewed from top 
T1 = 0.0850 sec 

 
 

 
c) Mode-2 viewed from east (front face)  

T2 = 0.0589 sec 

 
 
 

 
 
 

(d) Mode-3 viewed from south east 
T3 = 0.0522 sec 

Figure 5-10: First three major mode shapes of Chabot tower  
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5.4 RESPONSE SPECTRUM ANALYSIS 

Earthquake response analysis of Chabot Tower was carried out using the response-
spectrum modal-superposition method. For this purpose, first the vibration mode shapes 
and periods of the tower-water-foundation system were calculated as discussed in Section 
5.3; then the maximum stresses and forces for each mode (modal responses) were 
obtained for each component of the input response spectra. However, since each mode 
reaches its maximum response at a different time, the maximum response of the tower for 
each component (i.e. vertical and two horizontal components) of ground motion was 
obtained by combining the maximum modal responses for that component using the 
complete-quadratic-combination (CQC) method. In the final step, the maximum 
responses for the vertical and two horizontal components of the ground motion were 
combined by the square-root-of-the-sum-of-the-squares (SRSS) method to estimate the 
total dynamic response of the tower due to all three components of the earthquake 
response spectra. The input response spectra for earthquake analysis were those briefly 
described in Section 3.6.3. For each response-spectrum component, the spectral value at 
any period of vibration gives the maximum response of the mode having that period and 
the specified 5% damping.  
 
The dynamic stress and force results obtained from the response-spectrum analysis 
represent the maximum stresses and forces that could develop in the masonry tower and 
pavilion at any time during the earthquake ground shaking. It should be noted that the 
response-spectrum stresses and forces are all positive and do not include contributions 
due to the static loads.  Thus they are assumed to be either positive or negative when 
combined with the static responses to obtain the maximum and minimum total responses 
in the structure, as given by Equation 3-1. 

5.4.1 Masonry Stress Results for MDE  

Horizontal Normal Stresses (σxx)  

Figures 5-11a and 5-11b show the maximum and minimum horizontal normal stresses 
(σxx) in the north-south direction for the south wall. As discussed previously, the 
maximum values represent the static plus seismic stresses and the minimum values 
correspond to the static minus seismic stresses. Figure 5-11a indicates that the maximum 
stresses are concentrated at the back edges of the wall in the abutment region and also at 
the bottom edges in contact with the foundation. High tensile stresses exceed tensile 
strengths of the stone and brick masonry by more than a factor of 3, indicating that tensile 
cracks are likely to develop at the edges within the regions identified by dotted lines in 
Figure 5-11a. In other words, the north-south normal stresses (σxx) have the effect of 
breaking interface bonds and separating the walls from the foundation and abutment rock 
along the edges. However, the minimum stresses in the north-south direction (Figure 5-
11b) are limited to -100 psi and remain well within the compressive strength of the 
masonry.  
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Horizontal Normal Stresses (σyy) 

Figures 5-12a and 5-12b display the maximum and minimum normal stresses (σyy) in the 
upstream-downstream (east-west) direction for the south wall. In Figure 5-12a, the 
overstressed regions with stresses exceeding the tensile strength of the masonry, are 
identified by dotted lines. The results show that high tensile stresses cover a significant 
portion of the wall. A comparison of Figure 5-12a with Figure 5-11a shows that both the 
magnitudes and overstressed regions for σyy are larger than those for the σxx stresses. The 
σyy tensile stresses develop predominantly due to bending of the wall about the vertical 
axis, as evident by large stresses on the back edges of the wall (Figure 5-12a). This 
suggests that vertical tensile cracks would develop parallel to the abutment. The cracks 
probably will occur at the abutment contact, but may not propagate to the entire 
overstressed region. This is because once the cracking occurs at the abutment contact, 
magnitudes of tensile stresses will drop in the walls and the extent of the overstressed 
region may be lower than indicated by the calculated stresses.  However, it appears that 
the cracks at the abutment contact could be deep and might completely separate the walls 
from the abutment. Figure 5-12b indicates that compressive stresses are generally small 
and that with a peak value of -160 psi they are well within the compressive strength of 
the masonry. 

Vertical Normal Stresses (σzz) 

The maximum and minimum vertical normal stresses (σzz) for the south wall are 
presented in Figure 5-13a and 5-13b. Unlike the horizontal normal stresses which are 
generated by the bending of the wall about the vertical axis, the vertical tensile stresses 
are predominantly caused by the bending of the walls with respect to horizontal axis. As 
expected, vertical stresses are highest at locations of the horizontal contact surfaces with 
the abutment and foundation. The results indicate that the vertical tensile stresses also 
exceed tensile strengths of the brick and stone masonry and could produce horizontal 
cracks within the dotted regions shown in Figure 5-13a, originating from the contacts 
with the abutment and foundation. The cracks could also occur in the upper front portion 
of the walls, especially if the beam connecting the two walls has failed. The vertical 
compressive stresses are moderate with the peak reaching -120 psi at the base of the 
tower. 
 
Out-of-Plane Shear Stresses (σxy) 

The maximum and minimum out-of-plane shear stresses in the south wall are shown in 
Figures 5-14a to 5-14c. It can be seen from these figures that the static plus earthquake 
loads generate larger shear stresses than the static minus earthquake loads. High out-of-
plane shear stresses with a peak value in excess of 35 psi occur along the back edges of 
the wall at about half height of the tower (Figures 5-14a and 5-14b).  The out-of-plane 
shear stresses exceeding the shear strength of the masonry might lead to shear failure of 
the wall edges in contact with the abutment. The dotted regions in Figures 5-14a and 5-
14b indicate the region with high shear stresses. However, the shear cracking may not 
extend beyond the contact regions with the abutment, mainly because initiation of 
cracking at the contact corners would decrease shear stresses in the walls.   
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In-plane Shear Stresses (σyz) 

Figures 5-15a and 5-15b display the maximum and minimum in-plane shear stresses for 
the south wall. The results show that in-plane shear stresses exceed shear strengths of 
brick (21 psi) and stone masonry (31 psi) over 75% of the walls’ surface areas. Figure 5-
15a indicates the possible diagonal cracking that might develop as a result of excessive 
in-plane shear stresses. Note that actual diagonal cracks probably will trace the joints and 
will be stepped as opposed to straight lines. Furthermore, the exact number of diagonal 
cracks is not known. It is quite possible that only two to three diagonal cracks may 
develop due to lack of reinforcement. Figure 5-15b shows that minimum in-plane shear 
stresses due to static minus earthquake loads also exceed shear strength of the masonry 
and could lead to additional stepped cracking in the lower part of the tower. Overall, the 
in-plane and out-of-plane shear stresses exceeding the shear strengths cover more than 
75% of the masonry wall, an indication that shear failure will occur. 
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1a: Maximum horizontal normal stresses (σxx) for the south wall due to static 
quake loads. Regions within the dotted lines indicate potential tension failure. 
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re 5-11b: Minimum horizontal normal stresses (σxx) for the south wall 
due to static minus earthquake loads.  
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5-12a: Maximum horizontal normal stresses (σyy) for the south wall due to static 
rthquake loads. Regions within the dotted lines indicate potential tension failure. 

σyy

σyz

σzzσzx

σzy X

Z 

Y

σxz

σxy

σxx

 σyx

\Task F -- Chabot Tower Seismic Evaluation\Final Report\Chabot_Final_Report_Quest.doc Quest Structures 36



 

F

 
 

X:\x_geo\Chabot Dam\Task 
3/2/05 3:46:05 PM 
 
 

psi 

igure 5-12b: Minimum horizontal normal stresses (σyy) in the south 
wall due to static minus earthquake loads. 
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re 5-13a: Maximum vertical stresses (σzz) in the south wall due to static plus 
arthquake loads. Regions within the dotted lines indicate potential tension 

failure. 
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e 5-13b: Minimum vertical stresses (σzz) in the south wall due to static 
minus earthquake loads. 
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igure 5-14a: Maximum out-of-plane shear stresses (σxy) for the south 
wall due to static plus earthquake loads. 
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igure 5-14b: Maximum out-of-plane shear stresses (σxy) on bottom 
half of the south wall due to static plus earthquake loads. 
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Figure 5-14c: Minimum out-of-plane shear stresses (σxy) for the 
south wall due to static minus earthquake loads 
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gure 5-15a: Maximum in-plane shear stresses (σyz) in the south wall due to 
static plus earthquake loads 
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Figure 5-15b: Minimum in-plane shear stresses (σyz) in the south 
wall due to static minus earthquake loads 
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Stress Demand-Capacity Ratios 

The maximum tensile, compressive, and shear stresses discussed above are now 
compared with the tensile, compressive, and shear strengths of the concrete and masonry 
in terms of demand-capacity ratios in Tables 5-2 to 5-4 below.  Also included in these 
tables, when available, are the demand-capacity ratios computed by OLMM using code 
procedures. Both the 3D finite-element and simplified code calculations result in very 
high tensile and shear stress demand-capacity ratios, indicating that the masonry tower 
could suffer severe tensile and shear cracks leading to possible collapse of the tower. 
However, there are some differences between the two analyses that should be recognized. 
The main difference is that the code treats the tower as being cantilevered only at the 
base, thus producing much higher tensile stresses at the base of the tower than that 
predicted by the finite-element analysis. The finite-element element analysis, which 
accounts for the abutment support, distributes stresses along the height of the tower. 
Furthermore, the finite-element did not produce high compression stresses at the base of 
the tower as subjected by a DCR of 0.73 by the code calculations. Other differences are 
that the code calculations were based on one component of the ground motion and did not 
consider the added-mass of water. If these effects had been considered, the code 
calculations could have resulted in even higher stresses. 
 

Table 5-2: Tensile stress demand-capacity ratios for the masonry wall  

Material Type 

Maximum 
Stress 

Location  
(ft) 

Maximum 
Tensile Stress 

(psi) 

Tensile 
Strength (psi) 

DCR       
(Finite-element) DCR (Code)** 

Concrete 239 126 250 0.6 0.13 

Brick  236 126 17.5 7.2 3.07

Dressed Stone 239 126 14 9.0 7.91

Stone 223 126 14 9.0 86.81

** The code values were obtained from the report by OLMM Consulting Engineers (Case-I embedment).  
 

Table 5-3: Compressive stress demand-capacity ratios for the masonry wall  

Material Type 

Maximum 
Stress 

Location  
(ft) 

Maximum 
Compressive 

Stress  
(psi) 

Compressive 
Strength (psi) 

DCR       
(Finite-element) 

DCR  
(Code)** 

Concrete 239 160 2500 0.06 0.02 

Brick  236 150 900 0.17 0.08 

Dressed Stone 239 160 1800 0.09 0.08 

Stone 223 170 1800 0.09 0.73 

** The code values were obtained from the report by OLMM Consulting Engineers (Case-I embedment). 
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Table 5-4: Shear stress demand-capacity ratios for the masonry wall 

Material Type 

Maximum 
Stress 

Location  
(ft) 

Maximum 
Shear Stress 

(psi) 

Shear 
Strength 

(psi) 
DCR (FE) DCR 

(Code)** 

Concrete 239 40 100 0.4 0.15 

Brick  236 45 21 2.1 0.81 

Dressed Stone 239 45 31 1.45 0.70 

Stone 223 48 31 1.55 1.48

** The code values were obtained from the report by OLMM Consulting Engineers (Case-I embedment). 

5.4.2 Pavilion Results for MDE  
The earthquake performance evaluation of the pavilion structure is summarized in this 
section. The process involves comparison of the shear and moment capacities with the 
corresponding demands for critical members of the structure. The critical members 
include the beam connecting the masonry walls at the top, interior rectangular and “L” 
shape beams which make up the pavilion floor, the pavilion roof beams, the bridge 
connecting the pavilion roof to the abutment, and 18 hollow circular columns supporting 
the roof. Figure 5-16 shows the critical sections chosen for the beam connecting the two 
masonry walls. The force and moment demands at the end and mid sections of the beam 
are computed and compared with the shear and moment capacities estimated for the 2’x3’ 
section with four 3/4-inch square bars on the top and four 3/4-inch bars on the bottom of 
the beam.  
 

 

 

Figure 5-16: Sections chosen to assess the extent of damage for the connecting beam 

 

The results for the pavilion are presented for two cases: 1) with the bridge connected to 
the pavilion roof (see Figure 5-2), and 2) with the bridge failed in shear and thus not 
connected to the roof. Tables 5-5 to 5-7 show the maximum shear forces and moments 
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computed for the pavilion critical members with the bridge connected to the roof. Also 
listed in these tables are the force and moment capacities and the corresponding demand-
capacity ratios. The finite-element results show that, with the bridge connected to the 
roof, the following members fail: 

• Front “L” shape floor beam fails in shear 
• Pavilion roof bridge fails in shear 
• Beam connecting the tower walls fails in flexure 
• 7 columns in front of the tower fail in flexure 
 

Since the bridge fails in shear, a second finite-element model of the tower with no 
connection between the bridge and pavilion was analyzed to assess the performance after 
the bridge has been sheared off.   
 

Tables 5-8 to 5-10 summarize the results for the model without the bridge. Since this 
condition is similar to the simplified analysis, which did not include the bridge, the 
results from the finite-element can directly be compared with those from the simplified 
analysis. The finite-element results indicate that in the absence of the bridge, all forces 
and moments increase, but the increase for the pavilion roof beams and columns is 
significantly greater. The moment DCR for the roof beams have increased from 0.22 to 
1.72, indicating a possible flexural failure (see Tables 5-6 and 5-9). The shear demands 
on the columns have increased 3 to 12 times and the moment demands 3 to 18 times, with 
the peak values of the shear and moment DCR’s reaching 2.70 and 6.21, respectively. At 
such high shear and moment demand-capacity ratios, all columns will probably fail, 
leading to a possible collapse of the pavilion structure. Furthermore, the collapse could be 
sudden due to high shear demands. Similar findings are reported by OLMM in 
Attachment II, which computed a moment DCR of 5.85 and a shear DCR of 1.23 for the 
columns. 
 

Table 5-5: Shear demand-capacity ratios for critical sections of pavilion  
with bridge support 

Member Type Vdemand 
(kips) 

Vcapacity 
(kips) 

Vd/Vc 
(F.E.) 

Vd/Vc 
(Code) 

Beam connecting walls 45 61.2 0.74 N/A 
Interior rectangular floor beam 3 10.46 0.29 N/A 

Front “L” shape floor beam 32 19.51 1.64 N/A 

Back “L” shape floor beam 19 25.76 0.74 N/A 

Roof Beam 6.6 51.01 0.13 N/A 

Pavilion roof bridge 153 80.09 1.91 N/A 
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Table 5-6: Moment demand-capacity ratios for pavilion with bridge support 

Member Type Section 
Location 

Mdemand 
(kip-ft) 

Mcapacity 
(kip-ft) 

Md/Mc 
(F.E.) 

Md/Mc 
(Code) 

Mid 13 71 0.18 N/A 
Beam connecting walls 

End 97 64 1.52 N/A 

Mid  2 30 0.07 N/A 
Interior rectangular floor beam 

End 8 23 0.35 N/A 

Mid 6 32 0.19 N/A 
Front “L” shape floor beam 

End 11 24 0.46 N/A 

Mid 3 32 0.09 N/A 
Back “L” shape floor beam 

End 7 40 0.18 N/A 

Mid 6 30 0.20 N/A 
Roof Beam 

End 7 32 0.22 N/A 

 

Table 5-7: Demand-capacity ratios for the pavilion columns with bridge support 

Column 
No. 

Axial 
Force       
(kips) 

Bi-axial       
Moment 
Demand 
(kip-ft) 

Moment 
Capacity 
(kip-ft) 

Moment 
DCR 

Shear 
Demand 
(Kips) 

Shear 
DCR 

1 14 31.38 23.3 1.35 7.16 0.80 
2 10 29.72 25 1.19 6.43 0.72 
3 7 29.27 26.2 1.12 6.58 0.74 
4 6 28.28 26.6 1.06 6.58 0.74 
5 10 29.76 25 1.19 6.43 0.72 
6 13 28.40 23.75 1.20 7.16 0.80 
7 11 27.51 24.6 1.12 6.15 0.69 
8 10 19.68 25 0.79 6.26 0.70 
9 5 21.10 27 0.78 4.58 0.51 
10 4 17.56 27.4 0.64 4.58 0.51 
11 4 16.64 27.4 0.61 3.84 0.43 
12 3 16.64 27.8 0.60 3.84 0.43 
13 3 10.56 27.8 0.38 2.64 0.30 
14 2 11.45 28.2 0.41 2.82 0.32 
15 4 9.39 27.4 0.34 2.50 0.28 
16 2 6.80 28.2 0.24 1.88 0.21 
17 2 7.55 28.2 0.27 2.06 0.23 
18 4 10.04 27.4 0.37 2.67 0.30 
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Table 5-8: Shear demand-capacity ratios for critical sections of pavilion without bridge support 

 

Member Type Vdemand 
(kips) 

Vcapacity 
(kips) 

Vd/Vc 
(F.E.) 

Vd/Vc 
(Code) 

Beam connecting walls 47 61.2 0.77 N/A 
Interior rectangular floor beam 3 10.46 0.29 0.42 
Front “L” shape floor beam 35 19.51 1.80 N/A 
Back “L” shape floor beam 21 25.76 0.82 N/A 
Roof Beam 25 51.01 0.49 0.71 
Pavilion roof bridge -- 80.09 -- 0.92 

 

 

Table 5-9: Moment demand-capacity ratios for the different sections of the pavilion without 
bridge support 

 

Member Type Section 
Location 

Mdemand 
(kip-ft) 

Mcapacity 
(kip-ft) 

Md/Mc 
(F.E.) 

Md/Mc 
(Code) 

Mid 34 71 0.48 N/A 
Beam connecting walls 

End 108 64 1.69 N/A 

Mid  2 30 0.07 0.41 
Interior rectangular floor beam 

End 8 23 0.35 0.67 

Mid 8 32 0.25 N/A 
Front “L” shape floor beam 

End 14 24 0.58 N/A 

Mid 5 32 0.16 N/A 
Back “L” shape floor beam 

End 8 40 0.20 N/A 

Mid 8 30 0.27 2.82
Roof Beam 

End 55 32 1.72 3.96
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Table 5-10: Demand-capacity ratios for the pavilion columns without bridge support  

Column 
No. 

Axial 
Force       
(kips) 

Bi-axial       
Moment 
Demand 
(kip-ft) 

Moment 
Capacity 
(kip-ft) 

Moment 
DCR 

Shear 
Demand 
(Kips) 

Shear 
DCR 

1 31 91.97 15.5 5.93 20.09 2.25
2 19 89.20 21.3 4.19 19.48 2.18

3 8 85.70 25.8 3.32 18.75 2.10
4 7 85.98 26.2 3.28 18.73 2.10
5 19 88.53 21.3 4.16 19.35 2.17

6 32 91.29 15 6.09 20.03 2.24
7 19 90.61 21.3 4.25 19.88 2.23
8 19 90.69 21.3 4.26 19.82 2.22

9 5 93.38 27 3.46 19.94 2.23
10 5 92.02 27 3.41 19.87 2.23
11 4 94.85 27.4 3.46 20.22 2.26

12 4 93.51 27.4 3.41 20.16 2.26
13 18 104.48 21.7 4.81 22.70 2.54
14 18 99.25 21.7 4.57 21.67 2.43
15 27 108.71 17.5 6.21 23.51 2.63

16 7 102.94 26.2 3.93 22.43 2.51
17 6 110.00 26.6 4.14 24.08 2.70
18 25 103.59 18.5 5.60 22.62 2.53
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5.4.3 Outlet Shaft Response to MDE  

The 8-foot-diameter brick-lined outlet shaft behind the tower was not included in the 
finite-element model of the tower structure. However, the estimated abutment rock 
stresses in the vicinity of the shaft are quite small. As shown in Figure 5-17, the peak 
normal stresses in the bottom half of the outlet shaft are expected to be 1 to 3 psi and near 
the top of the shaft in the range of 8 to 12 psi. Note that the peak values of 8 to 12 psi are 
influenced by the rigid boundary of the abutment model. In reality, the actual stresses 
may be even smaller. Overall, such low stress levels are unlikely to induce damage in the 
outlet shaft and its brick liner, provided that the liner is maintained in good condition and 
free of deterioration.  
 
The outlet shaft was inspected only briefly 
from the top during the site visit. The 
photograph on the right, taken from the 
top, shows steel rod and channel supports 
inside the outlet shaft. The sign of rusting 
in the steel rod coupling, rod bearings, and 
the channel supports is evident. It is 
therefore recommended that the outlet 
shaft be inspected and rusting damage be 
repaired before it can adversely affect 
operation of the tunnel gate at the bottom 
of the outlet.  
 
 
 
5.5 RESPONSE TO MCE 
As discussed in Section 3.6.3, in the period range of the tower structure, the MCE 
produces about 40% higher seismic loads than the MDE. Accordingly, section forces and 
element stresses for the MCE will be 40% higher than those computed for the MDE. 
Therefore, the MCE undoubtedly causes more severe damage and a higher probability of 
collapse than the MDE.   
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Figure 5-17: Normal and shear stresses in the vicinity of the outlet shaft 
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6. FINDINGS AND CONCLUSIONS  
The results of the simplified and three-dimensional linear-elastic analyses indicate that 
both the reinforced-concrete pavilion and the masonry tower will suffer severe damage. 
In the event of a major earthquake with ground motions at the level of the MDE, the 
reinforced-concrete pavilion probably will collapse and the masonry tower is likely to 
suffer extensive cracking. The cracking could lead to separation of the tower from the 
abutment rock and formation of disjointed blocks that could fall with the collapse of 
pavilion.  The situation will be even worse in the event of a postulated MCE on the 
nearby Hayward Fault that is capable of producing 40% larger seismic forces than the 
MDE. The valve shafts or shaft supports could be damaged causing accidental blockage 
of the sluice valves and thus blocking release of water from the reservoir.  
 
The above findings are supported by the high demand-capacity ratios as discussed below. 
The moment DCR for pavilion roof beam is 1.72 and the shear DCR for the pavilion 
floor beam reaches 1.8, an indication that the floor beams could fail in shear. The 
pavilion columns exhibit demand-capacity ratios as high as 2.7 in shear and 6.21 in 
moment. Again such high DCR’s, especially in shear, suggest that the pavilion will 
probably collapse.  
 
The masonry tower will be subjected to tensile and shear stresses well beyond its 
capacities. The maximum tensile and shear demand-capacity ratios for the MDE are 9 
(Table5-2) and 2.1 (Table 5-4), respectively. Major tensile cracks will develop at the 
contact with the abutment and could potentially separate the tower from its abutment 
support. Shear stresses are also quite high. While the out-of-plane shear stresses affect 
mostly the abutment contact regions, the in-plane shear stresses cover about 75% of the 
wall surfaces and could produce significant diagonal (stepped) cracks. Although the 
tower may not collapse, the extensive tensile and shear cracks are likely to turn the 
masonry tower into a disjointed structure with diminished lateral load resistance 
capabilities.  
 
The estimated abutment stresses indicate that the 8-foot-diameter outlet shaft behind the 
tower would survive the MDE and MCE shaking, provided that the outlet is inspected to 
ensure that the brick liner is in good condition and that the gate operating steel gear has 
not corroded. A deteriorated brick liner could suffer damage in a major earthquake and 
the resulting earthquake debris could potentially block the outlet works at the tunnel 
entrance. 
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7. RECOMMENDATIONS FOR RETROFIT 
Based on the results of this study no further structural analysis or material testing is 
recommended. This is because computed seismic demands are very high and the structure 
fails in brittle modes. Consequently, no nonlinear behavior is permitted and the materials 
should possess strengths as high as the computed demands. In fact, the periods of 
vibration of the masonry tower fall in the ascending portion of the earthquake response 
spectra, an indication that seismic forces increase with the nonlinear behavior.  
 
However, depending on the operational needs and potential impacts on the release of 
water from the reservoir, additional efforts should be focused on retrofitting the structure 
to assure it will remain functional in the event of a major earthquake. In this preliminary 
stage, the following options are presented:   
 
1) The pavilion structure offers no structural function other than perhaps sheltering the 

valve operators and facilitating operation of the stop timbers. Strengthening the 
pavilion structure appears to be an expensive undertaking. We recommend removing 
the pavilion to eliminate the possibly of the pavilion collapsing on top of the masonry 
tower, rather than bearing high expenses to fix it. If a platform structure is still 
desired, a light steel frame structure may be designed as the replacement. It should be 
noted that the absence of the pavilion will not change the seismic stress conditions of 
the masonry tower in any significant way. With the pavilion removed, one of the 
following retrofit options may be considered and evaluated for the masonry tower.  

 
2) Do not fix the masonry tower. Instead remove the sluice gates entirely or only the 

valve shafts but fix the valves in open position to prevent accidental blockage of the 
sluice valves. In this case, the outflow from the reservoir can be controlled by the 
sluice gate at the entrance to Tunnel #2. However, the brick liner and gate operating 
steel gear in the outlet shaft should be inspected and if necessary repaired to ensure 
that the 36” sluice valve will remain operational and that the tunnel is not blocked at 
the entrance by the earthquake debris. To preclude such blockage, the 30” lower inlet 
pipe could be connected to the tunnel. It should also be noted that the mid-level inlet 
may still be blocked by debris, but the lower inlet made of a 30” extra strong pipe 
should remain open.  

 
3) Strengthen the masonry tower to stabilize and maintain its structural integrity. One 

way to accomplish this is to anchor the masonry tower to the foundation and 
abutment rock using external anchors. The anchors should be designed to minimize 
cracking but more importantly to hold the masonry together and connected to the 
foundation and abutment.  In addition to strengthening the tower, the outlet works in 
the back of the tower should be inspected and repaired as discussed above. This and 
other retrofit concepts need to be developed and evaluated on the basis of 
constructability and cost.    
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SYNOPSIS 

 
This memorandum establishes material properties for the intake tower at tunnel #2 at the 
Chabot Reservoir. 
 
The intake tower is on the west shore of Lake Chabot.  It is a stone and brick tower 
capped with a pavilion.  The pavilion roof slab is reinforced concrete and is supported on 
reinforced concrete perimeter beams.  These beams in turn are supported on 18 
concrete columns.  The columns and slotted reinforced concrete floor, rest on about four 
and one half feet of concrete above the masonry tower.  The tower plan dimension is 
roughly 20’-0” square (the tower is trapezoidal).  The height of the tower from the 
pavilion floor to the top of its footing is roughly 45’-0”. 
 
The following material property values are based on default values found in FEMA 356 
and based on a visual assessment of the structure.  The rusting and spalling found at 
the roof structure will worsen rapidly with time and should be repaired. 
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SUMMARY OF MATERIAL PROPERTIES 
 
 
 

Material 
(density) Location Property 

Lower 
Bound (psi) 

Expected 
Strength 

(psi) 
Compressive 
Strength 1875 2812 

Reinforcing 
Tensile Strength 
(& Yield) 

41,250 
(24,750) 

51,560 
(30,938) 

Roof beams and 
slab 

Ec 2,850,000 2,850,000 
Compressive 
Strength 2500 3750 

Reinforcing 
Tensile Strength 
(& Yield) 

55,000 
(33,000) 

68,750 
(41,250) 

Concrete 
(150 pcf) 

Columns, floor 
slab, and beams 

Ec 2,850,000 2,850,000 
Compressive 
Strength 900 1170 

Tensile Strength 20 26 
Shear Strength 27 35 
Elastic Modulus 643,500 643,500 

Brick 
(120 pcf) Throughout 

Shear Modulus 257,400 257,400 
Compressive 
Strength 1800 2340 

Tensile Strength 20 26 
Shear Strength 54 70 
Elastic Modulus 1,287,000 1,287,000 

Stone 
(160 pcf) Throughout 

Shear Modulus 514,800 514,800 
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STRUCTURAL DESCRIPTION OF CHABOT DAM INTAKE TOWER OF 
TUNNEL #2 
 
The structure of the intake tower of Tunnel #2 at the Chabot Reservoir is embedded in 
the rocky shore and masonry retaining walls and revetments along the west shore of 
Lake Chabot.   
 
The primarily stone tower is trapezoidal in plan with the narrow face on the lake side.  
Originally it rose about 40’-6” above its lowest intake pipe as two separate segments 
with an 8’-0” gap for water intake.  On the shore there is dressed stone embedded into 
the hill side about 17’-0” high and 21’-11” horizontally (north-south).  This dressed stone 
begins about 4’-6” above the top of the original tower and extends around the waste 
tunnel.  The tower dimensions at the top are 17’-0” from face of dressed stone to the 
east.  The east face is 20’-8” including the 8’-0” water-gap.  
 
 An 8’-0” inside diameter well is on the hillside behind the tower.  The well has 13” thick 
brick walls.  This well was capped and fitted with a slide gate in 1938.  The top of the 
concrete cap is approximately 12’-9” above the top of the dressed stone. 
 
In 1923 to 1924 a concrete pavilion was added above the existing tower.  The floor of 
the pavilion was set at the top of the dressed stone and incorporated the dressed stone 
in supporting six of the roof columns.  The floor is slotted for access to gate shafts and 
log ways.  Concrete beams run parallel to these shafts and pick up the concrete slab.   
Sets of round concrete columns rise 10’-0” above the floor.    There are four sets of three 
columns in each corner and pairs of columns on the north, south and east face.  A flat 
concrete slab frames to perimeter beams running over the columns to form the roof.  
There is a concrete parapet above the roof.   The roof is 23’-0” on each side. 
 
The materials in the tower are as follows: 
• 4’-6” of concrete from the floor slab to the top of brick. 
• 18” of brick to the top of dressed stone. 
• 3’-3” of dressed stone to the top of stone masonry which extends to the base of  
 of the tower. 
• Stone masonry retaining begins about 9” below the bottom of dressed stone on  
 the north face and continues to fan out in a step wise manner. 
• Along the water inlet brick is used to form the slots for the valve shafts and eastern  
 log ways. 
 
Please refer to attached sketches for approximate material layout of tower.   
 
The information used in this report is based on the drawings listed on the following table;     
five photographs taken in 1924 (3 reproduced here), and two field visits on 5/7/04 on 
land and 5/18/04 by boat. 
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SOURCES OF INFORMATION 
 
 

DWG DATE DESCRIPTION 
5803-G-1 1969 Not Relevant to This Project 
5803-G-2 1969 Not Relevant to This Project 
5803-G-3 1969 Not Relevant to This Project 
5803-G-4 1969 Not Relevant to This Project 

E1107 1922 
Plan and section of HEADWORKS TOWER NO 2 and Gate tower – 
prior to concrete addition – no valve or cover on manhole (indicated 
as a well). 

1474R(i) 1922 Site Plans 
1474R(ii) 1922 Site Plans 
D1101 1923 Shaft Extension 
D1103 1923 Reinforcing Bar Bends 
E1102 1923 Elevation Of Structure At Intake Tower #2 W/ Dims And Reinf. 

E1103 1923 Plans At Floor And Ceiling Of Structure @ Intake Tower #2 W/ 
Sections 

E1104 1923 Elevations Of Structure @ Intake Tower #2 
709G 1938 Concrete Plug & Slide Gate @ Chabot Tunnel #2 
1342G 1940 Plan & Profile Of Tunnel #2 
9480-G-1 1991 Section/Elevation Chabot Outlet Tower #2 
9480-G-2 1991 Floor Plan @ Outlet Tower #2 
9480-G-3 
to G-5 1991 Tower Screen Details 
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CONDITION ASSESSMENT 
 
Overall the structure appears in good condition.  It should be noted that the shaft for the 
20” sluice gate appears to be dislodged.  This condition is barely discernible on the right 
hand side of photo on page 22. 
 
Concrete 
 
The concrete was assessed in accordance with FEMA 356-6.3.3.2.1.   
 
The pavilion roof shows signs of spalling and rust jacking (see photos) at both slab and 
at west side beam.  The remainder of the concrete appeared to be in good condition 
except for some rock pockets below the floor.  These showed evidence of lack of 
vibration.  Further these pockets indicated the use of river gravel as aggregate.  Finally, 
the rock pockets demonstrated to the good quality of the cement paste. 
 
Based on these assessments we propose to assign a knowledge factor of 0.75 to the 
pavilion roof structure and 1.0 below. 
 
It should be noted that the deterioration at the roof should be repaired as soon as 
possible as rusting and spalling damage tends to accelerate. 
 
Masonry 
 
The masonry was assessed in accordance with FEMA 356-7.3.3.1.  Under water 
masonry was not examined.   
 
In general, all the masonry appears to be in very good condition.  The masonry below 
the high water line is plastered.  Joints and beds in stone masonry are 3/8” qualifying as 
ashlar. 
 
A brick was missing on the north face of the tower indicating that mortar coverage in the 
collar joint was at least 85% (see photo). 
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MATERIAL PROPERTIES 
 
MASONRY 
FEMA 356 does not address stone masonry.  Traditionally (and in current codes 
empirically) allowable compressive stress and Young’s Modulus for stone (ashlar) 
masonry have been taken as twice that of brick (See attached copies of code values).  
The Young’s Modulus is also the theoretically affected by the number of joints per foot.  
Without knowledge of the relative stiffness of mortar vs. brick and stone, this factor 
cannot be evaluated.  However, this factor is usually less than 5%.  As indicated, all the 
masonry was in good condition. 
 

 
 
Brick Density: 
120 pcf 
 
Stone Density: 
160 pcf 
 
 
 
 
 
 
 
 

* See discussion   ** Based on mortar only 
 
 
CONCRETE 
All concrete density = 150pcf 
 
 Default Value 

(psi) K Lower Bound 
Strength (psi) 

Expected 
Strength (psi) 

Compressive Strength of 
concrete at pavilion roof 
slab and beams 

2500 .75 1875 2812 

Reinforcing Tensile 
Strength (& yield strength) 
at pavilion roof slab and 
beams 

55,000 
(33,000) .75 41,250 

(24,750) 
51,560 

(30,938) 

Compressive Concrete 
Strength Remainder 

2500 
 1.0 2500 3750 

Reinforcing Tensile 
Strength 
(& yield strength) 
Remainder 

55,000 
(33,000) 1.0 55,000 

(33,000) 
68,750 

(41,250) 

Young’s Modulus Ec 2,850,000 - 2,850,000 2,850,000 
 

For appropriate stiffness see Table 6.5 

Brick Stone  
Default & 

Lower 
Bound (psi) 

Expected 
Strength (psi) 

Lower 
Bound (psi) * 

Expected 
Strength (psi) 

Compressive  
   Strength                       900 1170 1800 2340 

Tensile  
   Strength 

20 26 20 26** 

Shear  
   Strength 27 35 54 70 

Elastic  
   Modulus 643,500 643,500 1,287,000 1,287,000 

Shear  
   Modulus 257,400 257,400 514,800 514,800 
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Merrian, T. and Wiggin, T.H., Civil Engineer’s Handbook, 5th 
Edition, John Wiley and Sons Inc, New York, 1942. 
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PHOTOGRAPHS
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GENERAL VIEW FROM EAST 

EAST FACE TOWER 
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EAST FACE OF TOWER 

EAST FACE PAVILION 
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SOUTH SIDE OF GATE 
CONCRETE OVER BRICK OVER DRESSED STONE 

 

NORTH END OF GATE 
DRESSED STONE OVER BRICK 
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NORTH END OF GATE – EAST FACE 
NOTE NARROWER BRICK
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VIEW INSIDE TOWER 
 

NOTE:  MATERIAL FROM LOGWAY TO SLOT IS DRESSED STONE 
FROM SLOT TO CAMERA  MATERIAL IS BRICK 

ON FAR RIGHT SKEWED ROD IS DISLODGED SLUICE GATE SHAFT 
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 SOUTH FACE 
CONCRETE FLOOR AND PERIMETER OVER BRICK  

OVER DRESSED STONE OVER STONE 

VIEW FROM SOUTH 
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SOUTH FACE 
CONCRETE, BRICK, DRESSED STONE, STONE 

 
 

 
 

SOUTH FACE 
CONCRETE, BRICK, DRESSED STONE 

NOTE SWALLOWS NEST 
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TOWER FROM NORTH-EAST 
 

 
 

TOWER FROM NORTH-EAST 
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TOWER FROM NORTH 
 

 
 

NORTH FACE OF TOWER 
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NORTH FACE OF PAVILION 
 

 
 

VIEW DOWN NORTH FACE 
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PAVILION ROOF 
 
 
 

 
 

WEST SIDE BRIDGE TO ROOF 
 



 

 TENNEBAUM-MANHEIM ENGINEERS    29 

 
 

CLOSE-UP AT WEST SIDE - BRIDGE TO ROOF 
 
 
 

 
 

SPALLING AND RUSTING AT ROOF 
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SPALLING AND RUSTING AT ROOF 
 
 

 
 

SPALLING AND RUSTING AT ROOF 
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SPALLING AND RUSTING AT ROOF 
 
 
 

 
 

SPALLING AND RUSTING AT ROOF 
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SPALLING AND RUSTING AT ROOF 
 
 
 

 
 

COLLAR JOINT AT REMOVED BRICK 
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VIEW INSIDE WELL 
 
 
 

 
 

VIEW INSIDE WELL 
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1.0 INTRODUCTION 
 
OLMM Consulting Engineers is pleased to submit this report summarizing the findings 
and recommendations of a seismic review of the Intake Tower for Tunnel #2 at the Chabot 
Reservoir. This work was performed under a contract to the URS Corporation and 
coordinated with the work of Quest Structures in support of the Seismic Performance 
Evaluation of the Chabot Tower. 
 
The scope of this seismic review consisted of (1) review of previous seismic calculations 
of the Intake Tower by the East Bay Municipal Utility District (EBMUD), (2) review of 
the information provided by Tennebaum-Manheim Engineers (TME) in their report titled 
“Material Properties And Condition Assessment” dated May 26, 2004, (3) seismic 
evaluation of the Intake Tower based on the 2001 California Building Code (CBC), (4) 
calculation of section properties of both the reinforced concrete and masonry members 
which make up the Intake Tower including demand to capacity ratios; and, (5) preparation 
of a brief report to summarize the findings from the current baseline analysis.  For the 
purpose of this study our approach was to utilize existing available reports and data about 
the facility and observations from a site visit along with our professional engineering 
judgment in order to both determine the forces on the Intake Tower and to calculate the 
capacities of the different structural members. Inspections, material testing and 
geologic/soil explorations were not included within the scope of this study. 
 
This report and associated work was conducted under the review of Dr. Sunil Gupta, 
Registered Structural Engineer.   
 
2.0  FACILITIES DESCRIPTION 

 
The Intake Tower is located at the west shore of Lake Chabot in San Leandro, California. 
It consists of a brick and stone masonry structure partially submerged under water with a 
one story reinforced concrete Pavilion on top. Photographs 1 through 4 give an idea of how 
the Intake Tower looked back in 1924 before the lake was filled. The Pavilion sits on top 
of a 4’-6” thick layer of concrete which in turn sits on top of the Tower. Both the Intake 
Tower and a portion of the Pavilion are partially embedded into the surrounding shoreline 
which consists of rock. 
 
2.1 Pavilion 
 
Based on a review of available drawings, the Pavilion was added to the Intake Tower some 
time between 1923 and 1924. A sample of the original drawings showing the Pavilion can 
be seen in Figures 2 through 7. The Pavilion is approximately 10’-0” tall from top of floor 
slab (or top of Tower) to top of roof. The roof extends over an area of roughly 23’-0”x 23’-
0”. The structural framing of the roof consists of a 7” thick, two way, reinforced concrete 
slab supported by 2’-9” wide x 2’-0” deep reinforced concrete beams along the perimeter. 
A 3’-0” high parapet sits on top of the roof beams. Eighteen 1’-3” diameter reinforced 
concrete columns support the perimeter beams. These columns are hollow and have a wall 
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thickness of  2”.  The Pavilion floor, which supports the columns, consists of a 4’-6” thick 
unreinforced concrete slab bearing directly on top of the Intake Tower. There are several 
penetrations on the floor to permit access to gate shafts and log ways. Since access to these 
penetrations is not continuously needed, 3” precast panels are used to cover them. The 
precast panels are supported by reinforced concrete beams. 
 
2.2 Intake Tower 
 
The Intake Tower has a height of approximately 45’-0” from top of footing to top of 
Pavilion floor. It consists of two separate walls which are embedded into the surrounding 
rock with an 8’-0” gap in between them for water movement. At the top, the plan 
dimensions of each wall are approximately 17’- 0” in length and 6’- 4” thick. The 
thickness of the walls increases towards the bottom  as they embed into the surrounding 
rock. Unfortunately, neither the existing drawings nor any available reports give 
dimensions indicating how the thicknesses of the walls change along the height. Therefore, 
the narrower plan dimensions at the top of the walls were used in all the calculations. Part 
of the reason why dimensions of the lower portions of the Intake Tower are missing is due 
to the fact that the structure is partially under water, making access to these lower areas 
difficult.  
 
The walls themselves consist of different layers stacked on top of each other, each layer 
built from a different material. There are four distinct layers identified in the report by 
TME and some of the existing drawings. None of the layers has any reinforcement or 
anchors into the surrounding rock. The layers which make up the intake Tower walls, can 
be seen in Figure 1 and in Photograph 7, are as follows:  
 

• The first layer is a 4’- 6” thick section of concrete which forms the Pavilion 
floor. 

• The second layer is a 1’- 6” thick brick zone. 
• The third layer consists of a 3’- 3” thick section of dressed stone. 
• Finally, the lower 35’- 9” section of the Intake Tower is made of stone 

masonry. 
 
The brick, dressed stone and the stone masonry are all laid in mortar. The thicknesses of 
each layer provided above were obtained from the TME report. 
 
3.0 ASSESSMENT OF EXISTING CONDITIONS 

 
3.1 Pavilion 
 
Our assessment of the condition of the Pavilion is based on the report by TME and a site 
visit that took place on May 7, 2004. A visual inspection of the structure showed cracking 
and spalling of concrete of the Pavilion roof slab and roof beams due to corrosion of 
reinforcement. At this point in time the corrosion and concrete damage does not seem to 
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have adversely affected the capacities of the members, because there are no perceptible 
excessive deflections. However, as in any case where reinforcement has began to corrode 
some type of remedial measure should take place to prevent further damage to the 
reinforcement and to the concrete. Photograph 8 gives an idea of the roof corrosion 
problem. The columns and floor of the Pavilion do not show visible corrosion of 
reinforcement or concrete damage. 
 
The original drawings do not provide any information on the material properties of the 
concrete or the reinforcement. There was no testing done of any type. All of our 
calculations for the capacities of the reinforced concrete members are based on the 
properties provided in the report by TME which used FEMA 356-6.3.3.2.1 as its main 
source of information. In addition, the report details reductions applied to the material 
properties to account for corrosion.  
 
3.2 Intake Tower 
 
Our assessment of the condition of the Intake Tower is also based on the report by TME 
and the previously mentioned site visit. Based purely on visual inspection, the stone, bricks 
and grout seem to be in fairly good condition. As far as it could be seen there were no 
cracks in the bricks and stones and there were no areas missing grout. No testing of the 
brick, stone or grout was performed and FEMA 356-7.3.3.1 was used as the main source of 
information for the material properties. Photograph 7 shows the concrete, brick and a 
portion of the stone layer which makes up the Intake Tower. Reaching conclusions as to 
the condition of the materials that make up the Tower proved more challenging, than for 
the Pavilion, due to the fact that a large portion of the structure is under water, which 
limited how much of the Tower could be visually inspected. Therefore, it should be noted 
that the material properties provided in the report are based on the portions of the walls 
visible above the water line.   
 
4.0 REVIEW OF PREVIOUS SEISMIC CALCULATIONS  
 
In May of 1991 EBMUD performed a seismic review of the Intake Tower. The analysis 
was based on the 1988 Unified Building Code (UBC) and it concentrated on the evaluation 
of the Pavilion. A very brief lateral capacity check of the Intake Tower was also done.  
 
4.1  Pavilion 
 
The calculations by EBMUD explain that the Pavilion does not qualify under any defined 
lateral structural system in the 1988 UBC, but, in the interest of completing the analysis, a 
system that best fit the given parameters was chosen. A Special Moment Resisting Space 
Frame (SMRSF), with an Rw value of 3.0, was eventually used because under the code at 
the time it was the only system that could be used for concrete construction in a zone 4 
area. Furthermore, the base shear for the structure was computed for two different 
importance factors, I = 1.0 and 1.5.  This was done, in part, to compare the behavior of the 
structure at two different force levels.    
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It was concluded that the Pavilion would not collapse if an importance factor of I = 1.0 was 
used in the calculation of the base shear, but the structure would suffer severe damage and 
would no longer be safe to use. However, if an importance factor of I = 1.5 were to be 
used, the structure would suffer serious damage leading to a possible collapse.   
 
4.2 Intake Tower 
 
In the case of the Intake Tower the same base shear coefficients as the ones used for the 
Pavilion were used in the EBMUD analysis. While the calculations for the Tower walls 
were far more simplified than for the Pavilion, the results were more conclusive. The shear 
stress in the stone masonry for importance factors of I =1.0 and 1.5 exceeded the allowable 
shear stresses of the material. Therefore, it was concluded the Intake Tower would be 
severely damaged under both levels of seismic forces calculated using importance factors 
of I = 1.0 and 1.5. 
 
5.0 SEISMIC ANALYSIS AND FINDINGS 
 
In our analysis, the first item which needed to be established, much like in the original 
EBMUD report, was the type of structural system to be used for the Intake Tower. There is 
no structural system within the 2001 CBC in which this Intake Tower can be categorized. 
But, because of low ductility and archaic materials of construction, an R value greater than 
2.0 did not seem reasonable. As a comparison, the code allows an R value of 2.2 for 
Cantilevered Column Building Systems and the Tower could be interpreted as 
cantilevering from its foundation.  The Pavilion was analyzed as a separate structure from 
the Tower and assumed fixed at its lower level. Splitting the two structures is appropriate 
when   the greater stiffness of the Tower  is taken into account due to both the size of the 
walls and their embedment into surrounding rock. Both structures were analyzed for an 
importance factor of 1.5 per 2001 CBC. An importance factor of 1.5 was deemed 
appropriate because the Tower is used to empty the reservoir should a breach in the dam 
occur in the event of a major earthquake.  
 
The following parameters required to determine the base shear from the 2001 CBC were 
provided by the URS Corporation: 
 

• Fault Type A 
• Soil Type SB 
• Near Source Distance = 0.5km 

 
Based on the given information, the following constants and base shear values were 
obtained using 2001 CBC:  
 

• Na = 1.2 
• Nv = 2.0 
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• Ca = 0.6 
• Cv = 0.8 
• V = 1.125 x (Weight of Structure)  (EQ. 30-5, 2001 CBC) 
• Vmin (Other Non-Building Structure) = 0.96 x (Weight of Structure) (EQ. 34-3, 

2001CBC) 
 

The original EBMUD report used a base shear of V = 0.54 x (Weight of Structure). 
 
5.1 Pavilion 
 
An analysis of the Pavilion was performed by creating a computer model of the structure 
using the SAP 2000 computer program. Analyses were performed for both gravity and 
seismic forces. Material properties provided in the TME report for the concrete and 
reinforcing were included in the model. As a general assumption all the beam-to-column 
joints and column-to-floor slab joints were modeled as rigid. See pages #3-30 of the 
attached calculations for the SAP 2000 model. 
 
The next steps in the analysis involved calculating the flexural, axial and shear capacities 
of different members based on the material properties available, dimensions and quantity 
of reinforcement shown in the original drawings (Figures 2 through 7) for the Pavilion. 
The Moment-Axial Force interaction diagrams for the columns were calculated using the 
computer program “PCA-COLUMN”. These capacities were used to estimate Demand to 
Capacity Ratios (DCR) in order to obtain an understanding of how the structure might 
behave during a seismic event. The code bases capacities on the underlying assumption 
that proper detailing of the members, as delineated in the code, has been incorporated to 
develop full capacities. Therefore, based on our engineering judgment, some of the 
member capacities have been reduced to account for insufficient or missing shear 
reinforcement, inadequate development lengths and deficient confinement of compression 
elements. We have assigned the Pavilion roof beams greater capacity reduction values than 
for the columns since the beams have no shear reinforcement and the columns have ties at 
18” O.C. A summary of the capacity reductions  used is as follows: 
 

Member Type Type Of Force Capacity Reduction 
Roof Beam Moment 50% 
Floor Beam Moment 50% 

Column Moment 33% 
Column Axial Force 33% 

 
Once the capacities were calculated they were compared with the demands calculated. 
DCR values are summarized below: 
 

Member Type Type Of Force DCR 
Roof Beam Moment @ Supports 3.96 

 Moment @ Midspan 2.82 



SIMPLIFIED BASELINE ANALYSIS 
Intake Tower for Tunnel #2 Chabot Reservoir 
January 14, 2005 
 

X:\X_GEO\CHABOT DAM\TASK F -- CHABOT TOWER SEISMIC EVALUATION\DRAFT FINAL REPORT\CHABOT TOWER REPORT-REVISION2_ACCEPTED.DOC6
 OLMM 

 Shear Force 0.71 
Column Moment + Axial Force 5.85 

 Shear Force 1.23 
Floor Beam Moment @ Supports 0.67 

 Moment @ Midspan 0.41 
 Shear Force 0.42 

Pavilion Roof Stem Wall Shear Force 0.92 
 
A review of the DCR values shows that the Pavilion roof beams will fail in bending. Since 
there are no ties in the beams it is likely the longitudinal reinforcement will buckle. The 
results also indicate that the columns will fail due to bending and axial compression and 
shear, since the demand on these columns is almost six times their capacity. There are not 
enough ties in the columns to provide proper confinement of the concrete, which would 
lead to a likely collapse of the structure.   
 
5.2 Intake Tower 
 
The lateral force applied to the walls of the Intake Tower was based on the base shear 
resulting from the mass of the walls themselves. Equation 30-15 from the 2001 CBC was 
used to distribute the base shear to the different layers of stone and brick which make up 
the Tower walls. In addition, the lateral force from the Pavilion was applied at the top of 
the Tower. There is no reinforcement or anchors of any type for the masonry walls. All the 
shear and tension in these members is resisted by the brick, stone and grout alone.  
 
The shear and axial forces along with moments on the walls were used to calculate shear, 
tensional and compressional stresses in order to compare them with allowable stress 
values. Part of the TME report includes allowable stress values, based on FEMA 356, for 
the different materials which make up the Intake Tower. However, as part of our work we 
searched through other sources for further information on reasonable allowable stresses we 
could use in our analysis. As can be expected different sources provided significantly 
different possible capacities. The final allowable stresses used came from averaging the 
values we found in a textbook titled “Reinforced Masonry Engineering Handbook” by J.E. 
Amrhein (See page #59 of calculations) with those provided in the TME report.   
 
It is not clear from the information available how much each wall that makes up the Intake 
Tower is embedded into the surrounding rock at its base and back side. Therefore, in order 
to deal with this issue the seismic analysis includes two separate cases. Case I involves the 
conservative assumption that the walls are connected to the surrounding rock only at their 
base, which leads to a wall height of 45ft  to be used in the calculations. While in Case II it 
is assumed that the lowest 1/3 section of the Stone Masonry layer is embedded into the 
surrounding rock, producing reduced wall heights of 33’-1” as shown in Page #61 of the 
attached calculations. Since there are no drawings with dimensions indicating the 
embedment of the walls into the rock, Photographs 1 through 4 were used to estimate the 
embedment. The base shear coefficient of 1.125, shown in section 5.0, remains the same in 
both cases, but the reduction in wall height for Case II resulted in a drop of 25% in the 
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base shear for Case II compared to Case I. The tables below show DCR values for the 
different layers which make up the Intake Tower for both Cases I and II. 
 

CASE I 
 

Layer No * Height (ft) Material Type Type of Stress DCR 
1 4’- 6” Concrete Compressive 0.02 
   Tensile 0.13 
   Shear 0.15 
2 1’- 6” Brick Compressive 0.08 
   Tensile 3.07 
   Shear 0.81 
3 3’- 3” Dressed Stone Compressive 0.08 
   Tensile 7.91 
   Shear 0.70 
4 35’ – 9” Stone Masonry Compressive 0.73 
   Tensile 86.81 
   Shear 1.48 

* The layers are organized beginning from the top of the Intake Tower down to its base. 
 

CASE II 
 

Layer No * Height (ft) Material Type Type of Stress DCR 
1 4’- 6” Concrete Compressive 0.02 
   Tensile 0.12 
   Shear 0.15 
2 1’- 6” Brick Compressive 0.08 
   Tensile 2.98 
   Shear 0.79 
3 3’- 3” Dressed Stone Compressive 0.07 
   Tensile 7.65 
   Shear 0.67 
4 35’ – 9” Stone Masonry Compressive 0.44 
   Tensile 50.97 
   Shear 1.14 

* The layers are organized beginning from the top of the Intake Tower down to its base. 
 

After reviewing the DCR values for the different layers in both Cases I and II, some trends 
become apparent. Since the tensile capacity of the materials is very low, three of the four 
layers which make up the Intake Tower fail in tension due to the tensile stresses produced 
by moments in the walls. The lowest layer, made up of stone masonry, exceeds its 
allowable tensile stress by more than 80 times for Case I and by more than 50 times for 
Case II. In addition, the lowest layer also fails in shear. A total of about 90% of the Intake 
Tower is overstressed either due to flexural or shear forces. Severe damage across the 
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walls can be expected due to bending and shear. It is unreasonable to expect an 
unreinforced masonry structure to sustain the flexural and shear stresses this tower will see 
during a seismic event.  See Pages #60 and 61 of the calculations for a summary of the 
Tower forces and stresses. 
 
6.0 CONCLUSIONS AND RECOMMENDATIONS 
 
Our analysis indicates that both the Intake Tower and the Pavilion will be severely 
overstressed under 2001 CBC forces. The Pavilion lacks the reinforcement and proper 
detailing required by the 2001 CBC for the forces which will be produced during an 
earthquake. The Intake Tower is also not capable of resisting the flexural and shear 
demands due to the fact it has no reinforcement at all. Based on these analyses and results 
for the 2001 CBC, it is our professional opinion that both the Intake Tower and the 
Pavilion can likely sustain severe damage during a major earthquake with potential for 
collapse.  
 
While the materials could be tested to determine the true allowable stresses, in our 
professional opinion it may not provide any benefit. The members which make the 
Pavilion and Intake Tower walls are overstressed to a point where testing of the materials 
would not improve allowable stresses enough to make a significant difference. 
Furthermore, strengthening of the members seems unrealistic due to the condition, location 
and size of the members. The Intake Tower is partially under water, embedded into 
surrounding rock, built from archaic construction materials and quite extensive in size. 
Attempting to somehow strengthen it could prove to be an expensive enterprise. The 
Pavilion presents its own difficulties due to the inadequate reinforcement and detailing of 
the members. It would take a considerable amount of reinforcement to bring the structure 
up to 2001 CBC standards, including the replacement and rehabilitation of reinforcement 
already corroding.   
 
7.0 LIMITATIONS 
 
Our services were performed in accordance with general accepted standards of 
professional practice for the locality, intended use of the project, and at the time such 
services were rendered. No other warranty or representation, either expressed or implied, is 
included in this report. Specifically, the findings and recommendations presented herein 
were based on our limited calculations, review of the information made available to us and 
no testing was performed.  
 
8.0 DOCUMENTS REVIEWED 
 
The following documents relevant to this project were reviewed as part of our study: 
 

1. Tennebaum-Manehim Engineers report dated May 26, 2004: “Material Properties 
and Condition Assessment for Intake Tower for Tunnel #2 Chabot Reservoir”. 
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2. East Bay Municipal Utility District report dated April 25, 1991” “Seismic 

Evaluation of Chabot Reservoir - Tunnel No. 2, Inlet Structure”. 
 

 
3. “Reinforced Masonry Engineering Handbook. Brick and Other Structural Clay 

Units.” By J.M. Amrhein. Copyright © 1972 by Masonry Institute of America, Pg. 
155.(See Page #59 of calculations.) 

 
4. Drawings E1102, E1103 and E1103 by East Bay Water Company, Oakland, CA 

dated October 19, 1923: “Plans of Structure at Intake of Tunnel No. 2, Lower San 
Leandro Project”. 

 
 
5. Drawings D1101 and D1103 by East Bay Water Company, Oakland, CA dated 

November 20, 1923: “Plans of Structure at Intake of Tunnel No. 2, Lower San 
Leandro Project”. 

 
6. Drawing 9480-G-1 by East Bay Municipal Utility District, Oakland, CA dated May 

1, 1991: “Chabot Reservoir Outlet Tower Screen Replacement (Tunnel #2 Inlet 
Structure), Section/Elevation”. 

 
 
7. Drawing 9480-G-2 by East Bay Municipal Utility District, Oakland, CA dated May 

1, 1991: “Chabot Reservoir Outlet Tower Screen Replacement (Tunnel #2 Inlet 
Structure), Floor Plan and plan Beneath Floor”. 

 
8. Five pictures of Intake Tower Taken in 1924. 
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Intake Tower #2 
 Chabot Reservoir 

 San Leandro, CA. 1924 
  

Photograph 1. 
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Intake Tower #2 
 Chabot Reservoir 

 San Leandro, CA. 1924 
  

Photograph 2. 
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Intake Tower #2 
 Chabot Reservoir 

 San Leandro, CA. 1924 
  

Photograph 3. 
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Intake Tower #2 
 Chabot Reservoir 

 San Leandro, CA. 1924 
  

Photograph 4. 
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East Face of Intake Tower 

 
Photograph 5. 

 

                   
South View of Intake Tower 

 
Photograph 6. 
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South face of Intake Tower 
Layers of Concrete, Brick And 

Dressed Stove  
 

Photograph 7. 
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Concrete Spalling at Pavilion Roof  
 

Photograph 8. 
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South and East Elevations 
Of Intake Tower 

  
Figure 1. 
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Pavilion Roof 
Framing Plan 

  
Figure 2. 
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Cross-Sections 
Of Pavilion Roof 

  
Figure 3. 
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Cross-Section of 

 Pavilion Roof Beam 
  

Figure 4. 

                                               
Elevation of 

 Pavilion Column 
 

Figure 5. 



SIMPLIFIED BASELINE ANALYSIS 
Intake Tower for Tunnel #2 Chabot Reservoir 
January 14, 2005 
 

X:\X_GEO\CHABOT DAM\TASK F -- CHABOT TOWER SEISMIC EVALUATION\DRAFT FINAL REPORT\CHABOT TOWER REPORT-REVISION2_ACCEPTED.DOC

 23 OLMM 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

Pavilion Floor 
Framing Plan 

  
Figure 6. 
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Cross-Sections of 
 Pavilion Floor 

  
Figure 7. 
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