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ABSTRACT

This document focuses on earthquake damage to water and oil pipelines, water supply, and

water treatment following the 22 April 1991 Costa Rica Earthquake. The moment

magnitude 7.5 earthquake occurred approximately 40 km south-southwest of Limon, and

resulted in a coseismic uplift of up to 1.5 meters along Costa Rica's east coast. This report

also provides an overview of the engineering aspects of the event and recovery activities.

Turbidity in the watershed which provides Limon's primary water supply increased to as

high as 2.4 percent solids, making it extremely difficult to treat. In addition, the water

treatment plant was damaged by the earthquake.

Cast iron, ductile iron and reinforced concrete cylinder pipe water transmission lines were

damaged by both wave propagation and permanent ground deformation. Water

distribution pipi~6, also including PVC and galvanized iron, was similarly impacted.

Documentation and evaluation of that damage is described, and compared with empirical

estimates from previous earthquakes.

Twin 150 mm (6 in), 100 km long, oil transmission lines suffered only a single failure from

wrinkling. A description of the pipelines and the failure is provided.
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SECTION 1

ENGINEERING DESCRIPTION OF EARTHQUAKE

This section presents various engineering characteristics of the April 22, 1991 earthquake in

Costa Rica. These include the size, intensity, observed coseismic uplift along the

Caribbean coast, and recorded peak ground motions primarily in the central valley of Costa

Rica. In addition, attenuation relations for subduction events are compared to the

observed ground motion and used to estimate peak ground velocity in the epicentral region.

1.1 Size, Intensity and Coseismic Uplift

The Costa Rica earthquake was caused by reverse or thrust faulting between the Caribbean

Plate and the Cocos (Continental) Plate, resulting in uplifting of the Cocos Plate. As

reported by Quintanar et al. [1], the size of the event as measured by the seismic moment

(Mo) was 1.9 x 10 20 N-m. This corresponds to a moment magnitude M= 7.5 and a surface

wave magnitude Ms = 7.5. Figure 1-1 shows the epicenter of the April 22 event. Note

that the epicenter is roughly 40 km South-Southwest of Limon which is located on the

Caribbean Coast.

Shortly after the earthquake, the Yulcanological and Seismological Observatory of Costa

Rica - National University (OYSICORI-UNA)[2] prepared a map of Modified Mercalli

Intensity (MMI) for the event. These intensities resulted from field observations and

interviews of about 250 people. The maximum MMI value of IX near the Caribbean Coast

was based on sand boils, ground cracks and other evidence of liquefaction, as well as

structural damage and collapse of bridges, buildings and highways.

A somewhat more refined isoseismal map, shown in Figure 1-3 is contained in the

Earthquake Spectra reconnaissance report on the event [3]. Note that the Earthquake

Spectra map assigns a MMI of YIn to be Caribbean coast region with isolated pockets of

MMI IX.

As noted previously, the Cocos (continental) Plate overrode the Caribbean Plate, and

resulted in uplifting along the Caribbean coast. Figure 1-4 is a map of the costal region

near Limon, Figure 1-5 is a graph of coseismic uplift as a function of distance along the

coast, as taken from the OYSICORI-UNA report [2]. Note that the maximum uplift of
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about 1.5 m occurred at Limon. It drops off sharply to the Northwest (being zero about

4.5 km Northwest of Moin) and decreases somewhat less rapidly to the Southeast (being

about 0.7 m at Westfalia and 0.45 m at Cahuita). Plafka and Ward [4] use a uRiform slip,

planar (USP) dislocation model in a half space which matches fairly well the observed

uplift along the coast. Their model suggests that the coseismic uplift decreases as one

moves inland from the coast. The estimated uplift at Bomba on the Banano River is about

0.55 m, that is lower than that at Limon and Westfalia but somewhat higher than that at

Cahuita.

1.2 Observed Peak Ground Acceleration

Prior to the earthquake, the University of Costa Rica (UCR) Earthquake Engineering

Laboratory maintained a set of accelerometers primarily in the central valley of Costa

Rica. The location of these accelerometers is shown in Figure 1-1. Note that all of the

accelerometer stations are West of the epicenter. Table 1-1 present the stations, structure

type, soil type, epicentral distance t:::.. in km, and the maximum value of ground

acceleration for three orthogonal directions. The information in Table 1-1 is based upon

the April 26, 1991 preliminary report by the UCR Earthquake Engineering Laboratory [5]
and the Earthquake Spectra reconnaissance report [3]. The epicentral distances ranged

from 73 to 161 km, and the peak horizontal ground acceleration, Amax, ranged from 270 to

40 gals (1000 gals = 1 g = 981cm/sec2). As one would expect, Amax is generally a

decreasing function of t:::...

1.3 Comparison of Recorded. Ground Motion with Existing Attenuation Relations

The technical literature contains a number of empirical formulae which related various

ground motion parameters such as peak ground acceleration or peak ground velocity, to

earthquake size and source to site distance. In this subsection, the attenuation relation

developed by Kawashima et al. [6] is compared to the peak ground acceleration recorded

during the April 22, 1991 Costa Rica earthquake. The Kawashima et al. relation was

chosen for a number of reasons. First of all, the Costa Rica event was a subduction zone

earthquake and the Kawashima et al relation was developed from data recorded in

Japanese earthquakes with local depths less than 60 km, most of which were presumably

subduction zone events. Most of the other available attenuation relations are based upon

California and other West coast events which are mainly strike-slip earthquakes. In

addition, Kawashima et al. [6] provide relations for both peak ground acceleration and
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velocity and distinguish between values recorded on rock and various other sites. Finally,

and most importantly, the Kawashima et al. relationship appears to provide the reasonable

fit to the Costa Rica data. One drawback with the Kawashima et al. relations is that they

use epicentral distance to characterize source-site separation. Since different parts of the

fault rupture produce peak motion at different sites, the closest distance to the rupture

may be a better source-site separation measure. The Kawashima et al. relation has the

form:

(1.1)

where Y is the peak ground acceleration (gals) or velocity (cm/sec), M is Japanese

Meteorological Agency (JMA) magnitude and 1:1 is the epicentral distance (km). The

coefficients a,b and d are empirical constants which are functions of the local soil

conditions. Table 1-II describes the three site classifications established by Kawashima et

al. Table 1-III presents the empirical constants a,b and d for peak ground acceleration and

velocity for each of the three site groups. Figures 1-6 through 1-8 compare the peak

ground accelerations recorded in the April 22 event with predicted values from the

Kawashima et al. relationship. Note that a JMA magnitude of 7.38 corresponds to a

seismic moment of 1.9 x 20 20 N-m (Moment magnitude M = 7.5).

Figure 1-6 compares ground accelerations for Rock sites from Table 1-1 with the

Kawashima et al. relation for Group #1 site conditions. The recorded ground motion at

CCH and GTS are roughly 10% higher than that predicted by Kawashima, while the value

at QPS is half the predicted value. Figure 1-7 presents a similar comparison for Hard

Sites from Table 1-1 with the Kawashima relationship for Group #2 soils. All recorded

values are within about 35% of the Kawashima value of each epicentral distance. Figure

1-8 compares peak horizontal accelerations recorded at Soft Sites in Table I-I with

predicted values for Group #3 soils from Kawashima et al. All of these sites with the

exception of GLF have recorded values larger than those predicted by Kawashima et al. Of

particular interest are values at CMA and CTG, which were roughly 2.5 time higher than

the Kawashima values.
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1.4 Estimated Peak Ground Velocity in Limon

Peak velocity, Vmax, is the ground motion parameters of interest for seismic wave

propagation effects on buried pipelines since ground strain and hence buried pipe strain are

theoretically proportional to Vmax. In this subsection, we will estimate Vmax for the area in

and around Limon.

Figure 1-9 is a plot of peak ground velocity, Vmax, for a Moment magnitude M = 7.5

(JMA magnitude = 7.38) using the Kawashima et al. relationship. Note that for epicentral

distances of 25 and 40 km (corresponding to the Banana River water treatment plant and

the Port of Limon respectively) Kawashima et al. predict Vmax values of 37 and 27 em/sec

for Group #3 site conditions with an average of 32 em/sec. For the same epicentral

distances, Kawashima et al predict 31 and 23 em/sec for Group #2 site conditions, with an

average of 27 em/sec. These values, predicted by the Kawashima et al. relationships, will

be modified based on data presented in Figures 1-7 and 1-8. In Figure 1-7, most of the

observed Hard Site ground acceleration data points fall below the Kawashima et alline for

Group #2 site conditions. The average value of the observed/predicted ratio is roughly

0.8. We assume herein that the acceleration ratio 0.8 also applies to ground velocity

yielding Vmax = 0.8(32) = 22 em/sec for Hard Sites in and around Limon. Similarly, most

of the observed Soft Site ground acceleration data points in Figure 1-8 lay above the

Kawashima et all. line for Group #3 site conditions. The average value of the

observed/predicted ratio is roughly 1.6. Again assuming that the acceleration ratio also

applies to ground velocity, yields Vmax = 1.6(32) = 51 em/sec as the estimated peak

ground velocity for Soft Sites in and around Limon.
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Structural Soil Epicentral Maximum
Station Name Code Type Type Distance Acceleration Compo

(km) (%g)

San Isidro ISD L H 73 0.20 00

(ground level) 0.17 Vertical
0.15 270 0

Cachi CCH F R 80 0.15 00

(exploration tunnel) 0.06 Vertical
0.09 270 0

Cartago CTG F S 94 0.27 00

(Central Park) 0.13 Vertical
0.22 270"

Guatuso GTS L R 106 0.11 00

(ground level) 0.04 Vertical
0.06 270 0

San Pedro Main Library CMA H S 109 0.16 92.5 0

UCR (ground level) 0.12 Vertical
0.20 2.5 0

Golfito GLF L S 111 0.06 00

(ground level) 0.02 Vertical
0.04 270"

San Jose Aurola Hotel AUR H H 112 0.07 00

(basement) 0.04 Vertical
0.06 270"

San Jose Banco Nacional BNC H H 113 0.08 262 0

Building (basement) 0.07 Vertical
0.07 172 0

San Jose Hatillo HTO L S 114 0.12 0"
(ground level) 0.06 Vertical

0.09 270"
San Jose ICE Central ICE H H 115 0.08 285 0

Building (basement) 0.06 Vertical
0.09 195 0

Quepos QPS L R 119 0.04 00

(ground level) 0.03 Vertical
0.03 270 0

Alajuela CIPET ALJ L S 129 0.11 0"
(ground level) 0.05 Vertical

0.09 270 0

Puriscal PCL L S 137 0.09 00

(ground level) 0.07 Vertical
0.07 270 0

San Ramon UCR SRM L S 161 0.09 0"
(ground level) 0.08 Vertical

0.08 270 0

TYPE OF STRUCTURE TYPE OF SOIL
H: High rise (3 or more stories) R: Rock
L: Low rise (fewer than 3 stories) H: Hard soil
F: Free field installalJion S: Soft soil

Table I-I Recorded Ground Acceleration due to the April 22, 1991 Earthquake
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Group Geological Definition Natural Period Definition

1 Tertiary or older rock
diluvium less than 10 m thick Period less than 0.2 s

2 Diluvium with thickness 10 m or
more or alluvium less than 25 m
thick including soft layer less Period between 0.2 and 0.6 s
than 5 m thick

3 Other than the above, usually
soft alluvium or reclaimed land Period more than 0.6 s

Table I-II Site Classifications for Kawashima et al. Attenuation Relationship
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Ground motion Group # a b d
Parameter

1 987 0.216 -1.218
Acceleration 2 233 0.313 -1.218

(gals) 3 404 0.265 -1.218

1 20.8 0.263 -1.222
Velocity 2 2.81 0.430 -1.222
(cm/sec) 3 5.11 0.404 -1.222

Table 1-Ill Empirical Constants for Kawashima et al. Attenuation Relationship
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SECTION 2

WATER SUPPLIES AND TREATMENT PLANT

This section describes the water supply and water treatment facilities serving Limon and

Moin, and earthquake damage to the treatment facilities. Water transmission and

distribution pipelines are described in Section 3. Post---€arthquake recovery of the water

system, including the water treatment plant is described in Section 5.

2.1 System Description

The Limon and Moin areas have a population of about 60,000 people. The overall system

demand is 350 liters per second (Ips). The primary water supply, approximately 250 Ips, is

pumped from the Rio Banano to a water treatment plant in Bomba. The Rio Banano rises

in the rugged foothills of the jungle covered Cordillera de Talamanca. Access to most of

the watershed can be achieved only on foot. An estimated 250 families live in the

watershed.

The raw water pump station shown in Figure 2-1 consists of three split case pumps as

shown for example in Fig. 2-2, taking suction from a pipe hung in the Banano River,

protected by gabions. The treatment plant, built in 1982, has a capacity of 350 Ips. It is

located on a hill which appeared to be geotechnically stable. Treatment tankage is

reinforced concrete.

The water treatment process consists of pre-chlorination, alum addition for flocculation,

clarification, filtration through dual media filters, and post chlorination. There is no

provision for presettling. Alum is fed through one of two dry chemical feeders.

Flocculation is achieved through static mixing in tanks with asbestos cement baffles.

Clarification is achieved using plate clarifiers also constructed of asbestos cement. Chlorine

is supplied in 68 kg cylinders. The plant is equipped with a small laboratory. The facility

normally sees maximum turbidities of approximately 1,600 milligrams/liter, mg/I. Prior to

construction of the plant, water was pumped directly out of the river, into the system with

no treatment.

The Siguerres water treatment plant, approximately 50 km west-northwest from Limon,

had a design very similar to the Limon water treatment facility.
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After treatment, the water flows by gravity to Limon and Moin through 300 mm (12 inch)

and 500 mm (20 inch) pipelines. These transmission lines connect into the southeast side

of the distribution system.

Seven wells are located along the pipeline alignment from Bomba to Limon. These wells

provided a standby supply prior to the earthquake. Two of the wells were dry prior to the

earthquake. The remaining five wells have a capacity of approximately 100 Ips. It

appeared that these wells were relied on more heavily prior to construction of the

treatment plant.

The second water supply, approximately 100 Ips, comes from a spring source in Moin, and

is connected to Limon through an independent 300 mm (12 inch) ductile iron transmission

line connecting into the northwest side of the distribution system.

2.2 Earthquake Damage

Earthquake Modified Mercalli Intensity, MMI, at the treatment plant site in the Bomba

watershed is estimated from Section 1 and Figures 1-2 and 1-3 to be VIII. Peak ground

acceleration at Bomba, based on Figure 1-7, and correlation with MMI is estimated to be

approximately 300 gal.

In the watershed, 27 landslides were identified, one creating a lake. Several of these

landslides are shown in Figure 2-3. A high percentage of the resulting steep barren slopes

would have normally been jungle. Turbidity in the Rio Banano increased to as high as

24,000 mg/l, (2.4 percent solids) on 2 May 1991, one of the first major rain storms of the

rainy season. The rainy season was only two weeks old, and would be expected to last into

November.

The high solids content water clogged the raw water pump suction. Otherwise, the raw

water pump station was undamaged.

Even at lower turbidities, water treatment was very difficult and reduced the plant

capacity. There was hope that the extremely high turbidity was a transient condition, and

that the loose soil would be flushed away with further rain.

2-2



At the treatment plant, an unrestricted chlorine cylinder shown in Figure 2-4 toppled,

breaking connecting piping and releasing chlorine. One worker was injured by the chlorine.

One unanchored dry chemical feeder shown in Figure 2-5 used for feeding alum toppled,

breaking connecting piping and puncturing the bottom.

Asbestos cement baffles in the flocculators and asbestos cement clarifier plates were broken

as shown in Figure 2--6 through 2-9. One concrete channel cracked. Glassware in the lab

and the portable radio, sitting on the shelf, were undamaged. There was no reported

damage to the filters.

For comparison, the Siquerres water treatment plant, located in an area with intensities

estimated to be between VII and VIII was undamaged. The peak ground acceleration at

this point, based on Figure 1-7, and correlation with the MMIs is estimated to be 190 gal.

There was no earthquake damage reported to the seven wells adjacent to the pipeline

between Bomba and Limon. In addition there was no earthquake damage to the Moin

spring supply.

2.3 Evaluation and Recommendations

2.3.1 Elevated Turbidity

There is no previous record of earthquake induced landslides occurring in water sheds

which have resulted in elevated turbidities. However, in two earthquake vulnerability

projects involving water sheds, landslides resulting in elevated turbidity were an identified

concern. The City of Portland, Oregon's primary water supply comes from the Bull Run

water shed. In 1972, a flood induced landslide exposed a deposit of volcanic ash in the

water shed. Until it was stabilized, water with elevated turbidities entered the distribution

system. Landslides continue to be a threat to Portland's primary water supply. Partially

as a result of the impact of the slide, Portland developed an alternative groundwater

supply that could be used in the event of disfunction of the primary surface water supply.

Additional system operation flexibility was provided.

The City of Everest, Washington relies on water from the Sultan River water shed.

Originally, water was taken directly from the Sultan River. More recently a concrete

diversion dam and t:unnel to Lake Chaplain, a manmade impoundment, was completed.

Operators still have the capability to withdraw water directly from the Sultan River,
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bypassing the lake. Today, landslides resulting in increased turbidity may occur in either

the Sultan River water shed or in Lake Chaplain. In either case, the city has the ability to

select the source of raw water from either the Sultan River or Lake Chaplain, until

turbidity problems are mitigated. Again, system operational flexibility seems to be the

solution.

2.3.2 Chlorine Cylinders

This is the third significant earthquake in the past years where chlorine leaks have resulted

from earthquake damage [9, 10]. In both the 1989 Lorna Prieta earthquake and the 1990

Philippine earthquake, vertical chlorine cylinders without lateral restraint also toppled,

breaking connecting piping.

Chlorine, in cylinders, is used extensively throughout the world as a disinfectant for

potable water supplies. Few installations adequately anchor the cylinders. The solution is

simple. Restrain each cylinder at both the top and bottom.

The Uniform Building Code [11] now requires that structures housing gaseous chlorine

systems be designed to automatically contain and neutralize any chlorine leak. These

systems require air scrubbers with emergency generators so they are operable when power

supply is lost. As a result of the cost for these facilities, many small chlorination systems

are being designed using sodium hypochlorite, chlorine bleach. Although the chemical cost

is approximately twice that of gaseous chlorine, the capital cost of the system including life

safety components, is much less.

2.3.3 Flocculators and Plate Clarifiers

Flocculators are provided in water treatment plants following addition of coagulants, to

allow agglomeration of small particles so that they will settle out. One means of providing

flocculation is by hydraulic movement of the water through baffles to slowly provide

mixing.

Plate clarifiers, structurally similar to baffles, are installed in clarifier tanks to enhance

clarification. The increased efficiency of clarification results from an increased projected

horizontal surface area. Other processes in water treatment may also depend on baffles in

tanks such as clarifiers and chlorine contact tanks with serpentine flow.
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Depending on the configuration, these baffles are subjected to both impulsive and

convective loads from water during an earthquake [12]. Closely spaced baffles are loaded

with essentially 100 percent of the effective mass times the lateral earthquake acceleration

of the water between them. Baffles spaced further apart are loaded to a lesser degree by

the impulsive loads, but to a greater degree by convective or "sloshing" loads.

These extreme loads shattered the non-ductile asbestos cement baffles in the flocculators

at the water treatment plant in Bomba. Extensive baffle damage occurred in the Lorna

Prieta earthquake at water and wastewater treatment plants. Examples include racking of

the reactor clarifiers at the Rinconada Water Treatment Plant, breaking up of the wooden

baffles in the flocculator at the Montevina Water Treatment Plant, and bending of the

baffles structural supports in the chlorine contact tank at the San Mateo Wastewater

Treatment Plant [12].

Operationally, water treatment plants can be kept on line at lower treatment rates when

the flocculators and clarifiers are not operational. The Rinconada Water Treatment Plant

initiated direct filtration at less than half the treatment rate available when the

flocculators and clarifiers are operable.

To minimize earthquake damage, baffles must be designed to either resist these significant

hydraulic loads, or to break away with a design for easy repair. Design to resist loads,

depending on the configuration, become cumbersome. Break away designs are encouraged.

Break away designs should provide a restraint to keep the baffle from falling to the tank

bottom.

2.3.4. Concrete Tank and Channel Cracking

Reinforced concrete tanks have resisted damaged from earthquakes very well. This may be

a result of the conservative tank design employed to minimize cracking for

water-tightness. The only significant concrete tank or channel cracking reported in the

Lorna Prieta earthquake was at the Santa Cruz Wastewater Treatment Plant [12]. In that

instance, the crack occurred at a construction joint between two segments constructed at

different times. A secondary concern associated with undermining by leaking water may be

a problem. At the water treatment plant in Bomba, there was inadequate information

available to evaluate·the likely cause of the cracking.
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FIGURE 2-1 Undamaged Raw Water Pump Station on the Banano River
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FIGURE 2-2 Split Case Pmnp in Raw Water Station on the Banano River
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FIGURE 2-3 Air Photo Showing Landslides in Banano River Water Shed
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FIGURE 2-4 Chlorine Cylinder which Toppled. Breaking Connection Pipe
and Releasing Chlorine
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FIGURE 2-5 One of the Two Unanchored Dry Chemical Feeders Fell over
and was Reinstalled after Repairs
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FIGURE 2-6 Operating Flocculators in Foreground with Clarifiers Beyond
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FIGURE 2-7 Flocculator Baffles Being Replaced after Earthquake Induced
Hydraulic Load Damage
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FIGURE 2-8 Broken Asbestos Cement Clarifier Plates, Similar Plates at
Siquerres Water Treatment Plant (N 190 gal) Were Undamaged
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FIGURE 2-9 Piles of Broken and Removed Asbestos Cement
Flocculator and Clarifier Plates
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SECTION 3

SEISMIC DAMAGE TO PIPELINES

As noted previously Instituto Costarricense de Acueductos y Alcantarillados (AyA), the

national water and sewer company, provides potable water to the Limon area. In addition

Refinadora Costarricense de Petroleo (RECOPE) operates a liquid fuel pipeline between

Limon and San Jose to the West as well as a coding water line which was damaged in the

earthquake. In this section, seismic damage to AyA water transmission and distribution

pipelines and the RECOPE liquid fuel pipeline, occasional by the April 22, 1991

earthquake, will be described in detail. In the following section the damage ratio (repairs

per kilometer) to the AyA pipelines will be compared to existing empirical relations.

3.1 Water Transmission Pipeline

Potable water for the Limon area comes from two sources; the Banano River treatment

plant and pump station located about 14 km south of Limon, and the Moin well field

located about 5 km northwest of Limon. The Transmission line from the Moin wells is 300

mm (12 inch) nominal diameter Ductile Iron (DI) pipe constructed in 1970. Two pipelines

transport water from the Banano River source. They are a 300 mm (12 inch) diameter

Cast Iron (CI) line constructed in the 1930's and a 500 mm (20 inch) diameter reinforced

concrete cylinder pipe (RCCP) constructed in the 1980's. The Cast Iron pipe has primarily

unbolted mechanical joints while the RCCP pipe (AWWA C303 - Reinforced Concrete

Water Pipe - Steel Cylinder type, Pretensioned) manufactured by CANRON of Canada

has rubber gasketed bell and spigot joints. As shown in Figure 3-1 the RCCP pipe consists

of a 16 gauge steel "can", wire wrapped for structural integrity, with mortar lining and

coating resulting in a total wall thickness of 4.76 cm (1.875 in). Steel bells and spigots

were welded to the can on either end of the pipe. The joint has a bell depth of 8.3 em (3.25

in). The nominal pipe length is 7.4 meters (24 feet). At some locations both pipelines

follow the same right-of-way. Figure 3-2 shows the C.l. pipe on the ground surface

(under the back wheel of the backhoe) and the buried concrete pipe being repaired about 4

meters to the right.

3.1.1 Aggregate Damage to Transmission Piping

As of October 2, 1991, AyA reported a total of 16 repairs to the 4.54 km length of D.l. pipe

from the Moin well fields. For the two pipelines from the Banano River, AyA reported 41
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repairs for the 12.5 km length of CI pipe and 120 repairs for the 14 km length of RCCP

pipe. This results in aggregate damage ratios of 3.5, 3.3 and 8.6 repairs per kilometer

respectively. This information is summarized in Table 3-1. As will be discussed in Section

4, experience from past earthquakes suggests that the expected seismic damage to DI pipe,

particularily from wave propagation, is substantially less that that to CI pipe. The authors

believe that the relatively large amount of DI transmissions pipe damage in the April 22

event, as compared to the CI transmission pipe damage, is attributed to the coseismal

uplift discussed in Section 1. That is, the DI transmission line from the Moin well field was

apparently subjected to larger coseismal uplift than the CI transmission line from the

Banano River water treatment plant. Most of this damage was due to the April 22, 1991

main shock, but according to AyA engineer J. Arguedas [3], some damage particularly to

the RCCP pipe line was due to subsequent aftershocks. Also note that some of the

earthquake induced leaks were discovered only after other leaks were repaired and the line

temporarily repressurized. In addition, a number of leaks to the DI line from the Moin well

field had to be repaired more than once. However, the aggregate value of the repairs in

table 3-I corresponds to individual leak locations where one or more repairs were required.

For the D.1. and C.1. transmission piping, AyA identified three types of damage

mechanismsj a break in the pipe segment body (e.g. round crack), a break in a union piece

connecting two pipes segments, and pullout joint separation. Figure 3-3 shows sketches of

these three mechanisms, as well three others which will be discussed later in relation to

distribution pipe damage. Table 3-II presents a breakdown of the repair data by damage

mechanisms for the D.I. and C.l. transmission piping. Notice that roughly half of the C.L

and D.l. transmission damage was due to joint pull-out as shown in Figure 3-3£ while the

remaining half was due primarily to breaks in the pipe segments themselves as shown in

Figure 3-3a.

The repairs in the RCCP transmission pipe were due primarily to joint failure, either

compressive telescoping as shown in Figure 3-3e or joint pull-out as shown in Figure 3-3f.

AyA noted that the RCCP pipes black rubber gasket was visible in many cases suggesting

that the percentage of repairs occasioned by joint pull-out was larger than that due to

compressive telescoping.
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3.1.2 Details of Transmission Pipe Damage

Figure 3-4 shows a repaired portion of the 300 mm (12 inch) C.l. Banano River

transmission pipe. In this case, the seismic damage occurred in the barrel portion between

joints corresponding to Figure 3-3a. Figure 3-5 shows what appears to be a pin hole in the

damaged portion immediately to the right of the tree branch. Hence it appears that pipe

corrosion contributed to the failure shown in Figure 3-4. As noted by Isenberg and Taylor

[14], seismic damage often occurs in buried pipelines previously weakened by corrosion.

Also note that an old repair coupling was found on the line about 10 m away from the

seismic damage shown in Figure 3--4. This is further evidence that this local area suffered

damage prior to the April 22 earthquake.

The 500 mm (20 inch) diameter RCCP pipeline from the Banano River was the most

heavily damaged,in terms of the number of repairs per unit length, of all pipelines in and

around the Limon area. As mentioned previously, most of this damage to RCCP pipe was

at joints, corresponding either to a compressive telescoping failure shown in Figure 3-3e or

a joint pull-out failure shown in Figure 3-3f. Figures 3-6 through 3-13 described PGD

which occurred along a 750 m section of the main road out of Limon, near Pueblo Nuevo.

There were 20 repairs to the 500 mm (20 inch) RCCP pipe which parallels the road at this

location. That is, a sixth of the 120 RCCP repairs occurred in this location, resulting in a

damage ratio of 26.7 repairs per kilometer (8.1 repairs per 1000 ft.) for this 750 m length of

pipe.

Figure 3-6 is a view from a railroad underpass looking East towards the Caribbean. At the

center of this photograph there is a 12.8m (42 foot) length of severe road damage as

measured along the road center line. As shown in Figure 3-7, a view looking West towards

the railroad underpass, there was about a 0.4 m (16 in) lateral effect over this 12.8 m (42

foot) length of road damage. The block in the foreground moved to the left (Le. to the

South). There also appeared to be a vertical offset which could not be measured. To the

immediate North of the road damage there was ground cracks measuring 15 em to 30 cm (6

to 12 inches) in width and garbens as shown in Figure 3-8 through 3-10. Garbens to the

North of the road are consistent with lateral movement of the road to the South. Figure

3-11 is a sketch of this area near the railroad underpass, showing the length and width of

the garbens as well as the road offset.
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About 500 meters to the East of the railroad underpass, there was an area of abrupt

vertical PGD near a drainage culvert as shown in Figure 3-12. There was a total vertical

offset of about 20 cm (8 inches) over a distance of roughly 15.8 m (52 feet). The individual

vertical offsets were 2.54, 7.6, 7.6 and 2.5 cm (1, 3, 3 and 1 inch) separated by distances of

4.3,6.4 and 5.2 m (14,21 and 17 feet) respectively as shown in Figure 3-13.

Although much of the transmission pipe damage is attributed to PGD there were certain

locations where it appears that damage was due to seismic wave propagation. For

example, Figure 3-14 shows an area above a yet to be excavated pipeline leak. The ground

was very wet, but no ejected sand was observed in the area. Also note that the fence line

shown in Figure 3-15 is reasonably straight and there was no obvious settlement or lateral

displacement to the dirt and gravel road shown in Figure 3-16. This leads one to suspect

that this leak was due to seismic wave propagation.

3.2 Water Distribution Pipelines

The water distribution system for Limon consists of two storage standpipes, a in-ground

reservoir and about 110 km of distribution piping. The steel storage standpipes, Pueblo

Nuevo and Corrales both have height to diameter ratio, H/D, near one. The 4 million liter

concrete reservoir is located at the operations yard in Limon. Except for cracking at the

roof/wall intersection of the in-ground concrete reservoir, shown in Fig. 3-17, these three

storage facilities were undamaged by the earthquake.

The distribution pipe is composed of Polyvina! Cloride (PVC), Cast Iron, (CI) Asbestos

Cement (AC) and Galvanized Iron (GI) with diameters ranging from 18 mm (3/4 inch) to

350 mm (14 inch).

3.2.1 Aggregate Damage to Distribution Pipes

As of October 2, 1991, AyA reported a total of 246 repairs to the 50.3 km of PVC piping,

34 repairs to the 28.4 km of CI piping, 81 repairs to the 16.8 km of AC piping, and 39

repairs to the 10.2 km of GI piping. This results in aggregate damage ratios of 4.9, 1.2, 4.8

and 3.8 repairs per kilometer for PVC, CI, AC and GI piping respectively. This

information is summarized in Table 3-111.
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Table 3-IV presents a breakdown of distribution pipe damage by diameter range for each

pipe material. Note there is no common trend when one compares the Damage Ratios for

all diameters in Table 3-III with the breakdown by diameter range in Table 3-IV, That

is, the damage ratio decreases with increasing diameter for PVC while the reverse occurs

for AC. For both CI and GI, most all the pipe is in a single diameter range, hence a

breakdown by diameter range is meaningless.

Figure 3-18 is a plot of Damage Ratio versus diameter range for both transmission and

distribution piping. In this plot, data points corresponding to a diameter range with less

than 10 percent of the total length for that material are excluded. For example, the length

of PVC pipe in the 200 to 250 mm (8 to 10 inch) diameter range is only 1.02 km out of a

total of 50.3 km and is not plotted on Figure 3-17. As shown in Figure 3-18, the damage

ratio for all materials except RCCP fall in the range of 2 to 6 repairs per km and is not

strongly in£!.-ccenced by diameter. For the 500 mm (20 inch) RCCP pipe, the damage ratio

is above 8 repairs per km.

AyA identified six types of damage mechanisms for the PVC, CI, AC and GI distribution

pipeline. These are: a break in the pipe segment (Figure 3-3a), break in union piece

connection two pipe segments (Figure 3-3b), blowout at a Tee (Figure 3-3c),

disconnection at a Tee (Figure 3-3d), compressive telescoping of a joint (Figure 3-3e), and

tensile pull-out at a joint (in Figure 3-3f).

Table 3-V presents a breakdown of distribution pipe repair by damage mechanism. This

Table indicates that essentially all the damage to AC piping was due to breaks in the pipe

segment (Figure 3-3a) while for GI essentially all the damage was due to a break in the

union piece (Figure 3-3b). For PVC about half the damage was due to pipe segment

breaks (Figure 3-3a) while joint pullout (Figure 3-3f) was significant for larger diameters

in the 75 to 150 mm (3 to 6 inch) range. For CI pipe, which was used for both

transmission and distribution, Tables 3-II and 3-V indicate that pipe segment breaks (Fig.

3-3 a) and joint pull-out (Figure 3-3f) account for the majority of damage. As mentioned

previously, damage to the RCCP transmissions pipe was due to telescoping (Figure 3-3e)

or pullout (Figure 3-3f) at the joints.
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3.2.2 Details of Distribution Pipe Damage

Figure 3-19 shows a repair to the barrel portion of a small diameter AC pipe. There was

some street damage in this location as shown in Figure 3~20. However a local resident

claimed that this street damage occurred after the earthquake as a result of large amounts

of water running towards the gutter on the right. Undermining of the street surface seems

possible in light of the fact that the road cracks extend only over the right hand side of the

road and the cracks were shallow as shown in Figure 3-21. Hence it appears that this

damage could very well have been due to seismic wave propagation.

3.3 Liquid Fuel Pipeline

Refinadora Costarricense de Petroleo (RECOPE) operates the liquid fuel pipeline system in

Costa Rica. Crude oil and diesel fuel arrives by ship at the Port of Moin about 6 km (4

miles) up the coast from Limon. Some of this product is refined at a plant outside Limon

and is pumped from the plant at a pressure of about 6.9 MPa (1000 psi) to San Jose and on

to the Pacific Coast. On the nominally flat coastal plane adjacent to the Caribbean, the

pipeline is located along the main road from Limon to San Jose, Route 240. This liquid

fuel transmission system consists of twin 150 mm (6 in) nominal diameter, welded steel

pipe with 6.4 mm (0.25 in) wall thickness (O.D. = 163 mm (6.5 in)).

Immediately after the earthquake, operators at the RECOPE refinery near Limon noticed a

pressure drop in one of the two liquid fuel pipelines. The leak was eventually located near

the small village of Estrada, close to the bridge over the Chirripo River. As shown in

Figure 3-22, the road in this area, which is on fill, was heavily damaged, so much so that it

was not possible to determine the amount of vertical or horizontal PGD. However there

was evidence of liquefaction as indicated by ejected sand on the ground surface in the

foreground of Figure 3-23.

Figures 3-24 and 3-25 show tensile cracks along the lower half of the pipe circumference

(as situated on the repair truck) due to severe local buckling (wrinkling) caused by bending

of the pipe through an angle of roughly 25°. Although tension cracks in a region of flexural

compression appears somewhat odd, the high local curvatures at the wrinkles cause tearing

of the pipe wall. This tearing of a welded steel pipe wall due to local buckling also

occurred in the 1985 Michoacan Earthquake, as documented by O'Rourke and Ayala [15].
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The only failure in the RECOPE liquid fuel pipeline is described above. There were,

however, other areas of PGD along the RECOPE pipeline route which did not result in

pipeline failure. A description of one such location with particular emphasis on the type

of pipe support conditions which avoided failure follows. Figures 3-26 through 3-30

correspond to a 400 m length of sever damage to Route 240, adjacent to the RECOPE

liquid fuel pipeline. The elevation of the road surface, built on fill, was roughly 2 to 3 m (7

to 10 feet) higher than that of the native soil. Figure 3-26 shows a vertical settlement of

roughly 1 m (3.5 feet) at the western edge of this road damage area. Because of the

extensive damage to the road surface, the amount, if any, of horizontal PDG could not be

determined. However, there was liquefaction in the area as shown by the ejected sand in

Figures 3-27 and 3-28. The deep ground crack towards the middle of Figure 3-27 was

caused by the earthquake. The ejected dark gray-black sand had a depth of about 15 cm

(6 in) near this fissure. There was also a pre--€xisting drainage ditch toward the

background of Figure 3-27. Figure 3-28 shows ejected sand and a tilted steel support

frame (goal post) for the undamaged RECOPE pipeline in the same general area.

The RECOPE pipelines were supported by short concrete railroad ties for part of this area

and supported on steel frames (goal posts) in others. Although there were no pipeline leaks

in this area, the pipe moved about 15 cm (6 in) with respect to the short concrete supports

as shown in Figure 3-29, and were distorted as they snaked over the steel support frames

as shown in Figure 3-30.

The flexible support conditions for the RECOPE line in this area, (i.e. ground level

concrete supports and above ground steel frames) certainly contributed to the lack of

pipeline damage.
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Material

I
Diameter Length Repairs. Damage Ratio
mm (in) km repairs/km

lCl 300 ~12l 4.54 16 3.5
CI 300 12 12.5 41 3.3
RCCP 500 20 14.0 120 8.6

Table 3-1 Summary of Repairs to Water Transmission Pipelines for the

Limon Area as of October, 1991 due to the April 22, 1991

Earthquake.

Breakdown by Damage Mechanism
Material Diameter Total

mm (in) Repairs Pipe Segment Union Piece Pull-out
Fig.3-3a Fig.3-3b Fig.3-3f

DI
I 300 f12j 16 6 f38%~ 10 f62%j

CI 300 12 41 19 46% 5 (12%) 17 42%

Table 3-11 Summary of CI and DI Transmission Pipe Repairs by Mechanism Damage

Material

I
Diameter Range Length Repairs Damage Ratio

mm (in) km Repairs/km

PVC 18 to 200 13/4 to 8) 50.3 246 4.9
CI 75 to 250 3 to 10~ 28.4 34 1.2
AC 75 to 350 3 to 14 16.8 81 4.8
GI 25 to 75 1 to 3) 10.2 39 3.8

Table 3-111 Summary of Repairs to Water Distribution Pipelines for the Limon
Area as of October,1991, due to the April 22, 1991 Earthquake
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I
Diameter Range Length Damage Ratio

Material mm(in) km Repairs repairs/km

18 to 62 (3/4 to 2t) 20.4 121 5.9
PVC 75 to 150 ~3 to 6) 28.9 125 4.3

200 to 250 8 to 10) 1.02 - -

75 to 150 ~3 to 6) 25.5 34 1.3
C1 200 to 250 8 to 10) 2.9 - -

75 to 150 (3 to 6) 12.8 54 4.2
AC 200 to 250 8 to 10) 3.9 26 6.6

300 to 350 12 to 14) 0.1 1 10.0

18 to 62 (3/4 to 2t) 9.5 39 4.1
G1 75 to 150 (3 to 6) 0.7 - -

Table 3-IV Summary of Water Distribution Repairs by Pipe Diameter Range.
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FIGURE 3-2 Transmission Pipelines from Banano RiVeI'7 300 mm (12 in)
Diameter Cast Iron (CI) Pipe under Backhoe Wheel7 500 mm
(20 in) Reinforced Concrete Cylinder Pipe (Reep) Being Repaired
on Right.
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(a)

(b)

(d)

c:::::> <:::===J

(e)

<===::>

(c) (f)

FIGURE 3--3 Damage MedwllsIDs; (a) pipe segmen.t brw, (0) break in. mrion
piece, (c) blowout at Tee, (d) disconnection. at Tee, (e) compressive
telescoping at joint, (1) tensile pWl-ou.1; at joint
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FIGURE 3-4 Repair of Pipe Segment Break (see Figure 3-3a) in 300 mm (12 in)
CI Transmission Line from Banano River. AyA Engineer, Jose
Arguedas, on the Left
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FIGURE 3-5 Close-up of Damaged 300 mID (12 inch) CI Transmission Line
Shown in Figure 3-4. Note Apparent Corrosion Pin Hole to Right
of Tree Limb.
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FIGURE~ View Looking East Showing 13 m (42 feet) of Road Damage near
Railroad Underpass. Reep Transmission Line to Right.
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FIGURE 3-1 View Looking West towards Railroad Underpass Shmring 40 em
(16 inch) Lateral Offset of Road Centedines. Cab of Flatbed
Truck #89 over Railroad, Width of Road Stripping is 10 em (41:
inch).
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FIGURE 3-8 View Looking West towards Railroa.d Underpass Showing Garbens
at Center, in Front of Dirt Pile
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FIGURE 3--9 View Looking West towards Railroads Underpass Showing 15 to 30
em (6 to 12 inch) Wide GrolIDd Cracks at North Side of Road.
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FIGURE 3-10 View Looking East from Railroad Underpass Showing Scarp
at Side of Garbens.

3-20



to Limon ~ 1to San Jose

I
I

13m (42,tl
*-i

I

I
I

500mm (20") I
RCCP I

pipeline I
~

I

40cm
(16')

>
N

Settlement
garbens

(180')

ground cracks 15 to 30 cm
(6" to 12") in width

FIGURE 3-11 Plan View of Road Damage, Ground Cracks, Garbens and 500 mm
(20 inch) RCep Transmission Pipe Damage Immediately East of
Railroad Underpass.
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FIGURE 3-12 Vertical Settlement in Road near Pueblo Nuevo Entrance, about
500 m East of Railroad Underpass.
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d

West towards RR
underpass and
San Jose l

4.3 m (14')

15.8 m (52')

6.4 m (21 ') Road surface

FIGURE 3-13 Elevation View of 20 em (8 inch) Vertical Settlement over 16 m
(52 feet) of Road Surface near Pueblo Nuevo Entrance.
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FIGURE 3-14 Wa.ter on Ground Surface above UIlIepaired Transmission Pipe
Leak.
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FIGURE 3-15 Reasonably Straight Fence Line Roughly 5 m (16 feet) to Right of
Umepaired Tnmsmission Pipe Leak in Figure 3-14.
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FIGURE 3-16 Dirt and Gravel Road Adjacent to Unrepaired Transmission Pipe
Leak in Figure 3-14.
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FIGURE 3-17 Repaired Cracking at Top and Corner of the 4 Million liter
Concrete Reservoir in Limon
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FIGURE 3-JW Repaired L~J!K ill. Smlill Di~JiJr:jJeta AC Di!ltribu~ion P:i~ in Limon,
Repair Coupling ~t Right ad! Origixmll AC Joint ~t ~.
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FIGURE 3-20 Road Surface Damage Adjacent to Distribution Pipe Break Shown
in Figure 3-19
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FIGURE 3-21 Close-Up of Superficial Road Cracks Shown in Figure 3-20
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FIGURE 3-22 Heavy Road Damage near Village of Estrada in General Vicinity of
RECOPE Pipe Leak, Note That Road Surface at Somewhat Higher
Elevation. Than Banana Plantation on Left.
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FIGURE 3-23 Ejected Sand on Grmrn.d §~te illl GmeK211 ViciIDlity of JRECOPE
Pipeline Leffik.
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FIGURE 3-24 Damaged Portion of RECOPE Pipeline on Back of Repair Truck,
Pencil Stuck in Tensile Crack Generated by Severe Local Buckling
(Wrinkling) on Compression Side of This Flexural Failure.
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FIGURE 3-25 Close-Up View of Local Buckling (Wrinkling) of RECOPE
Pipeline.
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FIGURE 3--26 Road Settlement of Roughly 1 m (3.5 ft.) at Western Edge of 400
m.1engtJm. of Severe Damage to "Route 240. Photograph Taken
wlhile Kneeling on Temporary Road Surface with Undamaged Road
Surlace :B:,t Eye Level.
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FIGURE 3-27 Ground Cracks and Ejected Sand at Ground Fissure Adjacent to
400 m Length of Severe Damage to Route 240. Note Wa.ter Drip
Pa.ttern Directly under Undamaged RECOPE Pipeline
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FIGURE 3-28 Ejected Sand at Base and to Right of Tilted Steel Support Frame
for Undamaged RECOPE Pipeline.
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FIGURE 3-29 15 em (6 in) Relative Movement of Undamaged RECOPE Pipeline
Adjacent to 400 m Length of Road Damage to Route 240.
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FIGURE 3-30 Severe Distortion of Undamaged RECOPE Pipeline Adjacent to
400 m Length of Road Damage to Route 2400 Note Pipelines no
Longer in Semicircular Steel Saddles.
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SECTION 4

COMPARISON OF PIPELINE DAMAGE TO EXISTING EMPIRICAL ESTIMATES

In this section the observed damage to segmented pipelines in and around Limon

occasioned by the April 22, 1991 Costa Rica earthquake will be compared to existing

empirical damage estimates. The peak ground velocity Vmax and earthquake intensity for

the Limon area established in Section 1 will be used to estimate damage due to seismic

wave propagation (WP). Estimated pipe damage due to a combination of WJP and PGD

effects will be based on the observed coseismic uplift and earthquake intensity.

4.1 Wave Propagation Dffimage Versus M:MI

Seismic wave propagation refers to ground strain and curvature which results from seismic

waves traversing the ground surface. It appears that Eguchi et al. [16] were the first to

separate WP damage and PGD damage when developing empirical estimates of pipe

damage. For seismic wave propagation they plot observed damage ratio for various pipe

materials versus MMI. His most recent plot, Eguchi [17], is shown in Figure 4-1. Note for

MMI < 8, the damage ratio increases by a factor of 10 for a unit increase in MMI. While a

unit increase in MMI results in roughly doubling of the damage ratio for MMI > 8. Also

note that for any given ground motion intensity the damage ratios for AC or are roughly

2.5 times that for CI.

As shown in Figures 1-2 and 1-3, the estimates MMI in the Limon area was VIII or IX.

From Figure 4-1 for MMI of VIII one expects 0.37 repairs/km (.11 repairs per 1000ft) for

AC and CONC. pipe while one expects 0.26, 0.18 and 0.04 repairs/km for PVC, CI and DI

respectively. For MMI of IX one expects 0.82, 0.49, 0.36 and 0.09 repairs/km for

AC/CONC, PVC, CI and DI respectively.

4.2 Wave Propagation Damage Versus Vmax

Theoretically the relative axial strain in the pipe segments as well as the relative axial

displacement at pipe joints are functions of the transient ground strain E, which is given by

E = Vmax/C

4-1
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where Vmax is the peak horizontal ground velocity and C is the effective propagation

velocity of seismic waves with respect to the ground surface. With this as a theoretical

background Barenberg [18] developed an empirical relation for WP damage to CI pipes as a

function of peak ground velocity. O'Rourke and Ayala [19] extended the Barenberg

relation by including information from additional earthquakes and other common pipe

materials. The O'.Rourke and Ayala relationship, shown in Figure 4-2, is based on damage

in repairs per km from four U.S. earthquake and two Mexican earthquakes where PGD

effeCts are not observed. The figure contains data for AG and CI pipes with diameters

primarily in the 75 mm (3 in) to 1220 mm (48 in) range, RCCP pipes with diameters of

1830 mm (72 in) and concrete pipe with diameters primarily in the 500 mm (20 in) to 1220

mm (48 in) range.

Attempts by O'Rourke and Ayala to establish material specific relationship, from their

data, proved unsuccessful. No attempts were made to establish diameter specific

relationships. O'Rourke and Ayala [19] attribute the scatter to variations in C or unusual

soil conditions, such as corrosive soils or variable subsurface conditions. A map showing

soil conditions and the pipeline network in the Limon area is not currently available. Also,

there was some PGD within the city as shown in Figure 4-3. However, for most of the

pipe breaks we were unable to determine whether they are due to WP or PGD. Hence a

more detailed estimate of wave propagation damage using Figure 4-2 is not possible.

4.3 Combined Damage Versus MMI

When an earthquake causes PGD such as lateral spreading due to liquefaction, settlement

or landsliding, it is often difficult to separate WP damage from that due specifically to

PGD. Hence empirical damage estimates for such earthquakes typically correlate

combined damage, that is due to both WP and PGD, against some measure of earthquake

size. One such relationship was developed by O'Rourke et al. (20]. As shown in Figure

4-4, combined damage in repairs per km in plotted versus MMI. The data points in Figure

4-4 are for CI pipe behavior in seven U.S. earthquake.

As noted in Section 1, the estimated MMI for the April 22, 1991 Costa Rica earthquake

was VIII or IX in the Limon area. From Figure 4-4, one expects about 0.55 and 4.2

repairs per km in CI pipe for MMI of VIII and IX respectively.
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4.4 Combined Damage Versus Uplift

Using data from the Northeast San Fernando Valley during its 1971 earthquake, Barenberg

[18] correlated vertical PGD with damage to CI and steel pipe with semi-rigid or poorly

welded joints. The relationship is shown in Figure 4-5, and as with Figure 4-4, both WP

and PGD damage are combined. The PGD used by Barenberg is the average vertical uplift

in a 1 square mile sector. One suspects that pipe damage is more directly related to

differential movements or ground strain within an area, however the average uplift in an

area may also be a rough measure of differential movements.

As noted in Section 1, the coseismic uplift in Limon was about 1.5 m while the uplift at

Bomba on the Banano River was about 0.55 m. From Figure 4-5, one expects combined

damage ratios of about 6.0 and 60.0 repairs/km for average vertical PGD of 55 em and 150

em respectively.

4.5 Comparisons with Greater Limon Damage

Figure 4-4 and 4-5 present expected damage to C1 pipe due to both WP and PGD effects.

Specifically the O'Rourke et al [20] relation predicts 0.55 and 4.2 repairs per km for the

observed MMI of VIII or IX respectively, while the Barenberg [18] relation predicts 6.0 and

60.0 repairs per km for the observed uplifts of 0.55 and 1.5 m respectively. This

information is summarized in Table 4-1.

The observed damage rates for the Limon area are presented in Tables 3-1 and 3-Ill. For

CI pipe there were 41 repairs to the 12.5 km of transmission pipe and 34 repairs to the 28.4

km of distribution pipe. This yield 75 repairs for the total 40.9 km length of CI pipe in the

system and a aggregate damage ratio of 1.83 repairs per km, as shown in Table 4-1. Hence

the observed damage to CI pipe, due to both WP and PGD effects, falls in range predicted

by the O'Rourke et al. MMI relationship [20], while the Barenberg uplift relationship [18]

predicts damage ratios significantly higher than that which was observed.

Figure 4-2 presents expected damage to AC, C1 and RCCP due to WP effects only.

Specifically the O'Rourke and Ayala [19] relation predicts 0.10 and 1.0 repairs per km for

Hard and Soft site respectively in the Limon area as shown in Table 4-II. From Tables

3-1 and 3-II1, the number of repairs to AC, CI and RCCP pipe from both WP and PGD

effects were 81, 75 and 120 over lengths of 16.8, 40.9 and 14.0 km respectively. This yields
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damage rates of 4.82, 1.83 and 8.57 repairs per km for AC, CI and RCCP respectively and

3.85 repairs per km for all three materials combined. These values are also presented in

Table 4-11. Hence the O'Rourke and Ayala [19] Vmax relation is consistent with the

observed damage in the sense that the predicted WP damage was less than the observed

total for both WP and PGD effects.

Figure 4-1 presents expected WP damage for a number of common pipe materials. For

example one expects 0.37 and 0.82 repairs per km for AC or RCep pipe subject to MMI of

VIn and IX respectively. These and corresponding values for PVC, CI and DI are

summarized in Table 4-III. Table 4-III also presents the observed WP and PGD damage

for these materials from Tables 3-1 and 3-Ill. As shown in Table 4-III, the Eguchi [17]

MMI relation is consistent with the observed damage in the sense that the predicted WP

damage was less than the observed total for both WP and PGD effects. However, although

the Eguchi relationship suggests that WP damage to DI pipe would be less than 20% of

that to PVC pipe, the observed WP and PGD damage to DI pipe was actually more than

70% of that to PVC pipe. As noted previously, the authors believe that the relatively high

damage ratio for DI pipe, in comparison with CI or PVC, is due to the differential

coseismic uplift in the region from Main to Limon as shown in Figure 1-5. Note that this

is the route for the 300 mm (12 in) DI transmission line.
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Material

WP and paD Damage
Predicted by

O'Rourke et al [20]

MMI = VIn MMI = IX

WP and PGD Damage
Predicted by
Barenberg [18]

Uplift = 55 em Uplift = 150 em

Observed Vv
and PGD
Damage

CI 0.55 4.2 6.0 60.0 1.83

Table 4-1 Comparison of Observed CI Pipe Damage due to both WP and PGD Effects,
with Values Predicted by O'Rourke et al. [20] and Barenberg [18].

WP Damage Predicted by Observed WP
Material O'Rourke and Ayala [19] and PGD Damage

Hard Sites Soft Sites

AC 0.10 1.0 4.82
CI 0.10 1.0 1.83
RCCP 0.10 1.0 8.57

AC, CI, RCCP 0.10 1.0 3.85

Table 4-II Comparison of Observed AC, CI and ReCp Pipe Damage in
repairs/km due to both WP and PGD effects with Values
Predicted by O'Rourke and Ayala [19] for WP Damage only.

Material I
WP Damage Predicted Observed WP

by Equchi [17] and PGD Damage

MMI = Vln MMI = IX

AC/RCCP 0.37 0.82 6.5
PVC 0.26 0.49 4.9
CI 0.18 0.36 1.8
DI 0.04 0.09 3.5

Table 4-III Comparison of Observed AC/RCCP, PVC, CI and DI Pipe
Damage in Repairs/km for both WP and PGD effects
with Values Predicted by Eguchi [17] for WP Damage only.
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FIGURE 4-3 Ground Cracking Likely due to Lateral Spreading in
Limon, which Caused Damage to Buried Pipelines
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SECTION 5

POST-EARTHQUAKE WATER SUPPLY AND RECOVERY

This section presents information on the immediate post-earthquake status of the Limon

water system and methods used for temporary distribution of potable water. In addition,

the time required and the repair procedures used for the AyA transmission and distribution

pipelines will be summarized. Finally, AyA plans for longer term improvements to the

Limon water system will be discussed.

5.1. Post-Earthquake Status Of AyA System

The Limon water system was inoperable immediately following the April 22, earthquake,

primarily due to pipeline damage. However as of May 1, nine days after the earthquake, .

service to approximately one-third of the service area was restored. In point of fact one of

the hotels used by the inspection team (the Matama , located along the coast North of

Limon) had potable water service on May 2. This localized service was due primarily to

the fairly rapid repair of the 300 mm (12 inch) diameter DI line from the Moin well field.

The 300 mm (12 inch) diameter CI line from the Banano River water treatment plant was

functioning as of April 29. However, it provided only minimal water pressure to some

sections of Limon. Of the 135 Ips flow into the line, 100 Ips was coming out the other end,

so there were some remaining leaks.

Towards the end of July, about three months after the earthquake, repairs to about 400 of

the 465 leaks in the distribution piping in Limon had been completed and the 500 mm (20

inch) diameter RCCP transmission pipe from the Banano river treatment plant had been

repaired.

In the immediate post-earthquake period, bottled and "bagged" potable water was flown

in to Limon from San Jose, the nation's capital located about 120 km to the West. After

the road from San Jose to Limon was made passable, potable water arrived by truck.

Figure 5-1 shows workers unloading and storing potable water adjacent to the inground

reservoir at the AyA operations yard on May 3. Figure 5-2 shows this potable water

"aqua pura" in 2 liter plastic bottles supplied by the Coca Cola bottling plant in San Jose.

As time progressed, small diameter hoses were connected to main distribution piping

within the city to allow residents to get water. This was done because there was
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inadequate pressure to service the house plumbing. A "boil water" was put into effect.

Note that during repair of pipelines within the city, trench dewatering was not being

practiced, and open pipe was being submerged in muddy water as shown in Figure 3-18.

On May 26, 1991, it was reported that five portable reservoirs had been set up in Limon to

supply water.

At the treatment plant the chlorine cylinder was set back into place and tied-back with

wire. The dry chemical feeder was repaired and put back into operation. The crack in the

concrete channel was patched.

On 30 April, the plant had been restored to 135 Ips of its original 350 Ips capacity. This

reduction was a result of the damaged baffles and clarifier plates coupled with the high raw

water turbidity. Flocculator baffles were being replaced during the 30 April visit to the

plant. The 135 Ips was being achieved by operating the still functional flocculators and

clarifiers, and by operating the filters in a direct filtration mode. The disadvantage of the

direct filtration mode is the requirement for more frequent backwashing of the filters.

On 26 April, the plant operators began using a Cat-Floc polymer to enhance removal of

the high turbidity. They could successfully treat turbidities up to 12,000 mg/I.

Two of the seven wells along the transmission line has been brought on line by the 30 April

visit producing 43 and 11 Ips respectively. A total of 100 Ips from all five wells was

expected when the remaining three productive wells were started the next week.

5.2 Water Pipeline Restoration

As noted previously, the 16 breaks in the DI transmission line from the Moin well field

were repaired by May 1, at the latest. The CI transmission line from the Banano River,

which required 37 repairs, was functioning by April 29, 7 days after the earthquake.

Roughly 90 days after the earthquake the 120 repairs to the RCCP transmission line from

the Banano River water treatment plant were completed as well as repairs to 400 of the

distribution line leaks in Limon. This suggests gross restoration rates of roughly 3 to 5

repairs per day for the DI transmission line, the CI transmission line, and the distribution

lines, and a gross restoration rate of roughly 1 repair per day for the RCCP transmission

line. Only one significant figure is provided for the restoration rates because of imprecise
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information about required repair times and in some cases the comparatively small number

of repairs. Also the gross restoration cited above rates do not take into account the size of

the repair crews, the order in which the lines were repaired, nor the number of the repair

crews assigned to each line.

Nevertheless, as noted by AyA engineers, the RCCP line repairs were much more difficult

than those for CI, DI, and other pipe materials. This is primarily due to the fact that

commercially available couplings were used for the CI, DI and AC lines while welding and

pouring concrete encasement blocks were needed for the RCCP line. For example, Figure

3-4 shows repairs to 300 mm (12 inch) CI transmission line. The repairs were

accompanied by simply cutting out the damage portion, in this case a portion of the barrel

away from the joints, and replacing it with a new piece which is attached to the existing

line with couplings. A similar repair procedure was used for DI pipe as well as the AC

distribution pipe shown in Figure 3-19.

The repair technique for ReCp transmission pipe damage which occurred almost

exclusively at joints involved cutting away portions of both the male and female ends near

the damaged joint and welding a new steel cylinder to each adjoining pipe segment. After

welding, the pipe is pressurized to test for leaks and then a reinforced concrete encasement

block is poured around the new steel cylinder. For example, Figure 5-3 shows an

unrepaired RCCP joint with its black rubber gasket visible on the top and right hand side

of the pipe. Hence, this appears to be a joint pull-out fajlure as shown in Figure 3-3f.

Figure 5-4 shows AyA workers preparing for the welding at a RCCP joint while Figure

5-5 shows the reinforcing bar cages around two partially repaired ReCp joints. Figure

5---6 shows completed RCCP joint repairs 1 awaiting the backfill operation.

5.3 Longer Term Improvements

There is a long term impact from earthquake-induced slides in the watershed, which

caused extremely high turbidities in the raw water supply. As a result, AyA is developing

alternative ground water sources to supplement the surface supply for Limon. Four

additional wells, supplying 50 Ips each are being considered for development to overcome

the turbidity induced water shortage. These wells would be located along the Rio Blanco,

west of Limon, and require construction of 15 km of pipeline to connect them to the main

water system. Water from these wens would not be available for at least six months.
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At the Banano River water treatment plant, construction of a pre-sedimentation basins is

being considered to improve its handling capability. However, this would be available only

in three to six months.

In general, providing potable water to the population while earthquake repairs are being

completed requires ingenuity and regional cooperation. It is often desirable to have a plan

for the temporary distribution of water established before the emergency. In this case,

since AyA is the national water and sewer company, regional cooperation is a mute

question. Except for the San Jose System, AyA has no pre-established plans for the

temporary distributions of water. This is due to the fact that the rest of the countries

water systems are relatively small with only one or two sources of water, and the relatively

small size of the country as a whole. Note that after the roads were repaired, water

delivery trucks from San Jose, roughly in the middle of the country, would take only two or

three hours to reach Limon which is on the coast.
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FIGURE 5-1 Workers Unloading Potable Water at the AyA Operations Yard
in Limon, on May 3, 1991.
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FIGURE 5-2 Two Liter Plastic Coca Cola Bottles Trucked to Limon from San
Jose, Used fOJr Temporary Potable Water Distribution.
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FIGURE 5-3 Unrepaired Tensile lP'ull-out FWllle at Joint (see Figure 3-3(£)) in
500 mm (20 inch) RCCF Transmission line from Banano River.
Note Black Rubber Gasket at Top and Right Side of Joint.
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FIGURE 5-4 AyA Workers Preparing to Weld 500 mm (20 inch) RCCP
Transmission Line from Banano River.
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FIGURE 5-5 Partially Repaired Joint in 500 mm (20 inch) ReCp Transmission
Line from Banano River. Steel Rebars Await Pour of Concrete.
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FIGURE 5--{) Repaired Joints in 500 mm (20 inch) RCCP Transmission Line
from Banano River. Concrete Encasement Blocks at Joints Part of
Repair Procedure.
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SECTION 6

SUMMARY, CONCLUSIONS AND LESSONS LEARNED

This report presents information on the behavior and observed damage to water treatment

facilities and pipelines occasioned by the April 22, 1991 earthquake in Costa Rica.

6.1 Summary and Conclusions

The April 22, 1991 earthquake had a surface wave magnitude Ms = 7.5 and resulted in

significant damage in and around Limon on the Caribbean coast. The modified Mercalli

Intensity (MMI) for the event was reported to be in the VIII to IX range. Coseismic

uplifts in Limon were as large as 1.5 m.

Using the recorded peak ground accelerations primarily in the Central Valley of Costa

Rica, and available attenuation relations, peak ground velocities in the Limon area were.

estimated to be roughly 20 em/sec for Hard Sites and roughly 50 em/sec for Soft Sites.

Extremely high raw water turbidities at the water treatment plant resulted from extensive

landsliding in the Rio Banano water shed. A short term solution was to initiate the use of

polymers to enhance turbidity removal. A long term solution under consideration is to add

pre-sedimentation basins to the treatment plant. Putting standby wells back into

operation helped allow restoration of water supply. Development of a new well field will

help provide a long term solution.

At the treatment plant, a chloride tank toppled and released chlorine, injuring an operator.

Seismically induced hydraulic loading on flocculator baffles and clarifier plates broke them

making those unit processes partially dysfunctional. Plant operation at a reduced level was

restored by initiating direct filtration.

There was only one leak to the welded steel RECOPE liquid fuel pipeline. It was caused

by bending of the pipeline through an angle of roughly 25°. High curvature at

compressional wrinkles caused tensile cracks in the pipe wall.

The amount of water distribution and transmission pipeline damage in the greater Limon

area ranged from about 1.8 repairs per km for CI pipe up to about 8.6 repairs per km for
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one section of RCCP pipe. The values for AC, PVC, and DI pipe were 4.8, 4.9 and 3.5

respectively. Much of the pipeline damage, particularly to RCCP pipe, is attributed to

Permanent Ground Deformation effects although what appeared to be wave propagation

damage was also observed.

For PVC pipe there was a slight decrease in damage rate with increasing pipe diameter,

while the opposite trend was observed for AC pipe. Considering all materials, the damage

rate in repairs per km was not a function of diameter. For AC pipe essentially all the

damage was due to a break, such as a round crack, in the pipe segments while for GI pipe

most of the damage was due to fracture of the union piece connections two adjacent pipe

segments. For RCCP pipe essentially all the damage occurred at joints either telescoping

or pull-out. For CI, DI, and PVC most of the damage was due to either pipe segments

breaks or joint pull-out.

The observed damage to CI pipe in the Limon area was consistent with the empirical

relation between repairs/km from both wave propagation and permanent ground

deformation damage and MMI developed by O'Rourke et al. [20]. However the Barenberg

empirical relation [18], based upon vertical PGD, significantly overestimated the observed

CI damage. Empirical estimates of wave propagation (WP) damage were consistent with

the observed damaged. That is both the Eguchi relation [17] based upon MMI and the

O'Rourke and Ayala relation [19]' based on Vmax both predicted WP damage which were

less than the observed total for both WP and PGD effects.

The RCCP pipe damage was the most difficult to repair. AyA crews were able to make a

little over one RCCP repair per day, while the rate for all other materials ranged from

roughly 3 to 5 repairs per day. The difference in repair rate is due primarily to the lack of

commercially available couplings for RCCP pipe.

6.2 Lessons Learned

The lesson learned or observations confirmed by the April 22, 1991 earthquake are

presented below:

• Landslides, which may cause extremely high turbidity, can be catastrophic.

Surface water supplies with watersheds vulnerable to slides should provide

contingency planning for this potential problem.

6-2



• Chlorine cylinders should be anchored. This was the third major earthquake

within the last 2 years where a chloride cylinder toppled, breaking connecting

piping, and releasing chlorine gas.

• Submerged baffles are subject to substantial seismic loads due to hydrodynamic

effects. While it may not be appropriate to design these elements to resist the

loads, "break-away" designs which allow easy repair should be employed.

• By their nature, water distribution systems are usually highly redundant, which

provides operational flexibility in an emergency. However, where possible,

redundancy in supply sources and water transmission systems is also highly

desirable. Note that a few days after the earthquake the Moin well field source

was able to provide reduced service to Limon when the Banano River source

was down due to turbidity problems and transmission line damage.

• Pipelines buried in fill or in areas susceptible to liquefaction are particularly

vulnerable to seismic damage.

• The 150 mm (6 in) diameter welded steel pipe used for oil transmission

performed extremely well with only one break in 200 km of pipe. The above

grade installation in some locations limited soil loadings on the pipe. The one

leak occurred in an area of severe PGD. The damage mechanism was tearing

due to excessive compressional wrinkling (local buckling), common for welded

steel pipe.

• The key to seismic design of buried segmented pipelines is flexibility. That is,

the joints, backfill or support conditions, etc. should be such that the line can

bend, extend or compress with the ground without failure or leakage.

• The repair procedure used for concrete cylinder pipe was very time-eonsuming.

Ease of repair should be considered when selecting new pipe types. For existing

pipelines, repair procedures and material inventories should be developed to

allow quick repair following an earthquake.
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