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1 INTRODUCCION

Este trabajo presenta el estudio del subsuelo para el PROYECTO NITROGENO, de
la empresa ICA FLUOR DANIEL, S. DE R.L. DE C.V., dicho proyecto consiste en construlr
una planta productora de nitrégeno para inyectar al pozo petrolero CANTARELL: la planta
se ubicara cerca del poblado de Antonio Cardenas, en la fraccién suroeste del Estado de

Campeche y muy proxima a la frontera del Estado de Tabasco. (fig. 1)

El predio que ocupara la planta es de forma rectangular y sensiblemente plano,
con dimensiones aproximadas de 350 x 550 m: en adicién el proyecto contempla la
construccién de una linea de tuberias compuesta por 5 ductos: 2 de nitrogeno, 2 de agua
y 1 de gas natural con diametros variables entre 10" y 36", y desarrolio total aproximado
de 10 km, las cuales tendran una derivacion hacia un carcamo de bombeo. con
dimensiones en planta de 20 x 5 m ¥ profundidad de 10 m, ubicado sobre la linea costera
y otra derivacion hacia la planta existente de Atasta.

En el area de planta se tiene contemplado la construccién de un relleno, con

espesor de 1.5 a 2.0 m, para sobreelevar el nivel actual dei terreno y evitar inundaciones.

El presente trabajo integra toda la informacién, resultados y conclusiones finales

que se aplicaran a este proyecto.

Se describen los trabajos efectuados durante la exploracidn dei subsuelo, se
reportan los resultados de los ensayes de laboratorio y se indican los analisis efectuados

para definir el tipo de cimentacién para las diferentes estructuras.

Se incluye la informacion estratigrafica a lo largo de la linca de conduccién “on-
shore™ y en el sitio del carcamo de bombeo “on-shore”. que se construird cerca de la
playa. con lo cual se ha analizado la estabilidad de excavaciones en la linea de

conduccion y en el carcamo, considerando diferentes procedimientos constructivos,

Finalmenie, se ha obtenido el espectro de respuesta del sitio para disefio por

sismo con base en pruebas sismicas tipo “down-hole” y “cross-hole™.




2 INFORMACION DE LA LOCALIDAD

2.1 Marco Geoldgico General

La zona en estudio pertenece a la provincia fistografica de la “Llanura Costera del
Golfo™, la cual se extlende desde la peninsula de Florida hasta la de Yucatéan, viéndose

interrumpida por el “Eje Neovolcanico™ y por el macizo de los Tuxtlas.

En distintos lugares del litoral aparecen: dunas, depésitos aluviales, de playa y de

barra, todos ellos del periodo Cuaternario.

Tierra adentro. algjandose de la costa, se observan afloramientos del periedo
Terclario que forman lomerios y ocasionalmente se encuentran formaciones del Cretasico,

cerca de los limites de esta provincia con la correspondiente a la Sierra Madre Oriental.

2.2  Geologia de la zona

En la zona de interés, los depdsitos terciarios ¥ cuaternarios comprenden 1la mayor
parte de su superficie, y estan formados por arenas de grano gruese y fino
interestratificadas con arcillas, lechos fosiliferos, areniscas, conglomerados y depésitos
clasticos de grano flne y gravas de origenes tanto marinos como fluviales, lacustres

palustres y continentales.

Particularmente, el area donde se ubicard la planta de nitrégeno es una zona baja,
con una elevacion promedio de 8.4 m, sobre el nivel medio del mar. Se ubica a pocos
kilometros de la Laguna de Términos. donde desembocan los rios Candelaria, Chumpan y
Palizada, entre otros, y donde predominan los depdsitos fluvio-lacustres y el nivel freatico

es practicamente superficial, con variaciones superficiales (fig. 2).

2.3 Informacién estratigrifica de estudios previos

La expericncia geotécnica del area vecina a la Laguna del Pom, indica que el
subsuelo del sitio esta compuesto predominantemente por estratos de arcillas, de origen
lacustre v de consistencia creciente con la profundidad, desde muy blanda hasta dura,

comn un espesor mavor de 25 m.




2.4 Sismicidad

Existen varios epicentros superficiales cercanos al sitio estudiado, donde se han
generado en el pasado, sismos de magnltud menor a 5 en la escala de Richter. También
se han registrado en la zona., sismos de mayor intensidad, originades en epicentros
situados a mas de 100 kmn de profundidad, dentro del estado de Chiapas (Anexo 3).

Atendiendo a la regionalizacién sismica de la Republica Mexicana, el drea en
estudio se encuentra en la zona B, en la que el coeficiente sismico aplicable a suelos
blandos, tipe IIl. es de 0.36 y, para estructuras tipo A, éste se incrementa en un 50%, es

decir que se vuelve de 0.54 (Anexo 3}.

Por otra parte, del andlisis efectuade para definir el espectro de respuesta del sitio
a partlr de los parametros dindmicos determinados en las pruebas de campo tipo “down-
hole™ y “cross-hole”, se desprende que el coeficiente ya incrementado en un 50% para

estructuras tipo A, se encuentra entre 0.11 y 0.12 {Anexo 3}.



3 EXPLORACION DEL SUBSUELO
3.1  Area de la planta
3.1.1 Sondeos

De conformidad con las especificaciones del proyecte y con base en el
conocimiento aproxdmado del subsuelo del sitio y de la magnitud y tipo de estructuras de
la planta, se ejecutaron 28 sondeos mixtos (B-1 a B-28), de los cuales 19 se perforaron a
30 m de profundidad (B-2, B-4 a B-6. B-8 a B-15, B-18, B-20, B-21, B-23 a B-25 y B-28),
8 a 40 m (B-1, B-3, B-7, B-16, B-19, B-22, B-26 y B-27} y solamente 1 a 17 m (B-21),
ademds de 14 pozos a cielo ablerto a 2 m profundidad {T-1 a T-14). En las figuras 3, 4y 5

se muestra la ublcacién de estos sondeos.

De los sondeos mixtos se extrajeron muestras alteradas e inalteradas. Las
primeras se obtuvieron mediante el procedimiento de penetracién estindar, el cual
consiste en el hincado a percusién de un tubo de pared gruesa, de 5 cm de didmetro
exterior y 60 cm de longitud; a partir del numero de golpes requerido para penctrar los 30
cm intermedios del tubo. es posible inferir mediante correlaciones la consistencia o
compacidad de los suelos atravesados. Por su parte las pruebas inalteradas se obtuvieron
con tubos muestreadores de pared delgada, tipo shelby, de 10 cm de diametro y longitud

de 80 cm, hincados a presion.

Por lo que respecta a los pozos a cielo ablerto, se exirajeron muestras
representativas, v como no fue posible labrar muestras cibicas inalteradas, por la
naturaleza granular del suelo, éstas se sustituyeron por muestras obtenidas mediante
tubos de PVC de 10 cm de diametro, hincados manualmente en el fondo det pozo. Estas
muestras fueron solicitadas para efectuar los analisis quimicos mediante los cuales se

evaluaria la agresividad sobre el concreto.
3.1.2 Plezometria

Con objeto de precisar el nivel fredtico, y para observar sus oscilaciones, se
instalaron tres pozos de observacion en los sitios de los sondeos B-22, B-23 y B-24 (PO-1,
PO-2 y PO-3, respectivamente). Estos pozos de cbservacion consistieron en tubos de PVC
perforados, los cuales se instalaron a profundidades de 6m para el PO-1. 8 m para el PO-

2 v a 10m para ¢l pozo PO-3.




Por otra parte, para poder definir la distribucion de esfuerzos verticales efectivos
en el subsuelo se instalaron tres estaciones piezométricas, con las caracteristicas
indicadas a continuacién:

+ Estaciéon Piezométrica EP-1 (sitio del sondeo B-1)

Formada por tres bulbos piezométricos abiertos tipo “standpipe”, marca “Slope
indicator™. instalados en perforaciones independientes, a profundidades de 5.0,
18,5y 33.0 m

e Estaclon Piezométrica EP-2 {sitio del sondeo B-26)

Formada por tres bulbos plezométricos abiertos tipo “standpipe”, marca “Slope
indicator”, instalados en perforaciones independientes, a profundidades de 5.0,
200y 38.0m

* Estacitn Piezométrica EP-3 (sitio del sondeo B-19)

Formada por tres bulbos piezométricos abiertos tipo “standpipe™. marca “Slope
Indicator”, instalados en perforaciones independientes, a profundidades de 5.0,
17.0y 30.0m

3.2 Linea de conduccién
3.2.1 Sondeos

En este caso la exploracién contemplo la ejecucién de 33 pozos a ciclo abierto,
excavados a 2 m de profundidad, de les cuales 14 cubren la linea de conducciéon hacia el
carcame de bombeo, y los otros 19 se encuentran sobre la derivacion a Atasta (fig 7).

De todos los sondeos se obtuvieron muestras representativas y solamente de
algunos se extrajeron muestras inalteradas, utilizando tubos de PVC con ¢l procedimtento
antes indicado,

3.2.2 Piezometria
En adici6n, para observar la variacion del nivel fredtico a lo largo de toda la linea.

se perforaron 7 sondeos cortos a 7 m de profundidad. en los cuales se instalaron pozos de

observactén del nivel freatico.




4 PRUEBAS DE LABORATORIO

En las muestras obtenidas durante la exploracion, se efectuaron las pruebas de
laboratorio necesarias tanto para deflnir la clasificacién de los materiales, como para
determinar las propledades mecanicas necesarias para el analisis de las cimentaclones,

realizandose los ensayes que se describen a continuacién.

4.1 Propiedades indice

A las muestras obtenidas de los sondeos se les clasificé visualmente y al tacto de
acuerdo con el Sistema Unificado de Clasificacion de Suelos {SUCS); se obtuve su
contenido natural de agua segin la norma ASTM D 2216 (Anexo 4): se realizaron andlisis
granulométricos de acuerdo con la norma ASTM D 422 (Anexo 4) y limites de
consistencia, liguido y ptastico conforme a la norma ASTM D 4318 {Anexo 4).

En el Anexo 2 se reportan los resultados de los perfiles estratigificos de los
sondeos y cn ¢l Ancxo 4 se incluyen las normas de la American Society of Testing and

Materials en su {dioma original.

4.2 Propledades mecéinicas

Al material obtenide de las muestras inalteradas se le realizaron pruebas de
resistencia al esfuerzo cortante y de compresibilidad. obteniéndose simultineamente los
pesos volumétricos himedo y seco, la densidad de sélidos, la relacion de vacios y el grado
de saturacion. _

Para evaluar la resistencia al esfuerzo cortantle se efectuaron pruebas con veleta
manual de laboratorio (torcémetro) y pruebas de compresion axial ne confiada en
probetas cilindricas de 3.5 em de diametro y 7.5 ¢m de altura conforme a la norma ASTM
D 2166-85 (Anexo 4), llevandose a la falla con una velocidad de deformacion controlada
de 1 mm/min y obteniéndose las curvas esfuerzo-deformacién que se reportan en el
Anexo 2.

Ademas sc realizaron pruebas triaxiales no consolidadas-no drenadas (UU)

consolidadas- no drenadas (CU) con medicion de presion de poro y una consolidada




drenada (CDj}. de acuerdo a la norma ASTM D 2850 (Anexo 4). en probetas saturadas por
contrapresion, y sometidas a diferentes presiones de confinamiento; en el Anexo 2 se

presentan los circulos de Mohr y las lineas de falla de cada prueba triaxial.

Para evaluar las propiedades de compresibilidad de las arcillas se realizaron
pruebas de consolidacion unidimensional, con drenaje vertical en oddmetros
convencionales. En el Anexo 2 se presentan las curvas de compresibilidad

correspondientes,

4.3  Propiedades quimicas

Para evaluar la agresividad del suelo y agua fredtica sobre el concreto de las
cimentaciones se efectuaron analisis fisicoquimicos, con los cuales se determinaron las

cantidades de sulfatos y cloruros (Anexo 1).




5 ESTRATIGRAFiA Y PROPIEDADES DEL SUBSUELO.

Dentro del marco geoldgico local, y con la informacién obtenida durante la
exploracién de campe y en los ensayes de laboratorio, en toda el irea estudiada, (fig 8 y

Anexo 2}, se puede precisar la siguiente secuencia estratigrafica:
0.0a 5.0 m, Estrato Arenoso Superficlal
Clasificacién.

Presenta un espesor promedio de 5.0 m y esta compuesto por arena flna, poco
arcillosa (SP, SW, SP-8C, SW-S8C), en estado suelto a medianamente compacto (N=5 a
15), color gris verdoso y con algunos fragmentos de conchas marinas., El contenido
natural de agua oscila predominantemente entre 20 y 40 %, y los valores promedio del
peso volumétrico natural y la densidad de sélides son de 2.01 y 2,72 t/m?

respectivamente.
Propiedades mecénicas.

En pruebas de compresién triaxal no consolldadas no drenadas se obtuvo una
resistencia al esfuerzo cortante que oscila en el amplio range desde 0.13 hasta 0.94
kgfem? y un angulo de friccién interma que oscila entre 34° y 42° Del mismo modo, el
médulo de clasticidad varia desde 30 hasta 167 kg/cm? . La permeabilidad evaluada

mediante pruebas de carga constante osclla entre 4.9y 5.2 x 104 cm/s,

A partir de una prueba de placa realizada directamente sobre el suelo natural, en
la zona central del predi9. se obtuvo que el modulo de reaccidn, calculade como el
cociente del esfuerzo aplicado entre la deformacion correspondiente y asociado a un area
circular con 45.72 cm (18") de diametro, bajo cargas de entre 1 y 5 kg/cm?, varia entre 13
y 16 kg/cm? (fig 9). Por otra parte, a partir del andlisis iterativo de cargas, se obtuvo que

el modulo de deformacion recuperable es igual a 55 kg/cm?.
Potencial de licuacién.
De acuerdo con el criterio de Kishida, las lentes de arena limpia deniro de este

estrato. que representan aproximadamente el 60 % de su espesor. son susceptibles a

experimentar licuacion, dada su distribucion granulométrica con un contenido de linos




menor al 20 %. Esto se ratifico al aplicar el método de Seed e Idriss (fig 10), que toma en
cuenta la compacidad del suelo, €l estado de esfuerzos y la aceleracién maxima que cabe
esperar bajo un sismo de magnitud igual a 5 grados en la escala de Richter. Aun bajo la
condicién de confinamiento que se tendra con el relleno de sobreelevacion, se infiere que
el valor critico del nimero de golpes bajo el cual se presenta la licuacién es de 9.5,

condicion que estd presente en la mayoria de los sondeos realizados.

Contenido de cloruros y sulfatos.

Por otra parte, de los anilisis quimicos efectuados a muestras obtenidas tanto del
area de la planta como de la linea de conduccién, se obtuvo que los contenidos promedios
de cloruros y sulfatos son de 0.210 y 0.025 %, respectivamente, y el grado promedio de
alcalinidad es de 8.58 % (Anexo 1).

5.0 a2 20.0 m, primera formacién arcillosa.

Clasificaci6n.

Se trata de un manto arcflloso de alta plasticidad (CH) y consistencia muy blanda
a blanda (N=0 a 4), que se extiende hasta 20 m de profundidad promedio, color gris
verdoso, con algunos fragmentos de conchas marinas y materia orgianica (OH). St bien en
su mayor parte el contenido natural de agua promedio es de 50 %, en los nultimos 4 m
éste aumenta al rango de 80 y 120 %, slendo esta parte donde se concentra la materia
organica. En general, el limite liquido es 60 % y el indice plastico 30 %, y en la parte
final, ambos valores aumentan a 173 y 113 9%, respectivamente; este suelo tiene un peso

volumétrico promedioc de 1.64 t/m3.

Propiedades mecanicas.

En pruebas con torcémetro se determind una cohesién de 0.22 a 0.80 kg/cm?, y
en pruebas de compresion axial no confinada el valor promedio en la parte {francamente

arcillosa es de 0.30 kg/cm? y para 1a fraccién de suelo orgdnico es de 0.38 kg/cem?,

Por otra parte, en pruebas de compresién triaxial no consolidada no drenada,
efectuadas en especimenes sometidos a una safuraciéon por contrapresion, la cohesion

promedio resultante fue de 0.32 kg/cm?. E]l meédule de elasticidad, calculado como la
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pendiente de la tangente inicial de las curvas de esfuerzo-deformacion, varia entre 60 y 80

kg/cm?,

A Juzgar por los valores promedio de los indices de recompresion (Cr) y de
compreston  {Cc) determinados en pruebas de consolidacién unidimensional, la
compresibilidad puede ser, dependiendo del rango de esfuerzos, baja a muy alta, ya que
los valores promedio de los médulos de variacion volumétrica my correspondientes son de
0.014 y 0.225 cm2/kg; sin embargo en la fraccidn donde existe materia organica estos
médulos aumentan a valores de 0.021 y 0.382 cm?/kg, respectivamente. Analizando el
desarrollo que tuvieron las curvas de consolidacién durante !a etapa de carga, se
determiné que el coeficlente de consolidacién promedic Cv, correspondiente al estado

actual de esfuerzos es de 5.5 x 104 cm?/s (fig 11).

En funcidon de los valores de las cargas de preconsolidacion ¥ su comparacién con
la distribucién de esfuerzos efectivos se asume que el suelo ha sido normalmente
consolidado en su fraccién superior y medianamente preconsolidado en su fraccion
inferior, exceptuando la parte donde predomina la materia orgdnica, que también esta

poco preconsolidada.

De la comparacién entre la resistencla en estado inalterado y la resistencia en
estado remoldeado, evaluada mediante ensayes de compresion axial no confinada, se

infiere que se trata de arcillas poco sensitivas.
20.0 a 33.6 m, segunda formacién arcillosa.
Clasificacién.

También esta compuesta por arcilias de alta plasticidad (CH), color café verdoso,
que en este caso contienen arena y presentan una consistencla media a dura (N=7 a 45},

]

las cuales comprenden un espesor promedio de 13,6 m aproximadamente. Su contenido
natural de agua varia de 20 a 60 %. el limite liquido se encuentra alrededor de 80 %, en
promedio y el indice plastico en 60 %. El peso volumétrico promedio es de 2.00 t/m3.

Propiedades mecanicas.

Por lo que respecta a las propiedades mecanicas, en pruebas con torcometro sc

evalué una cohestéon que oscila en ¢l amplio rango de 0.2 a 1.75 kg/cm?. mientras que cn
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pruebas de compresidén axial no confinada se obtuvieron valores promedio de 0.56 kg/cm?
en los primeros 4 m y de 1.5 kg/cm? en el resto de la formacion. El modulo de elasticidad

para la primera parte es de 141 kg/cm? y aumenta a 200 kg/cm? para la segunda.

A partir de pruebas de consolidacién unidimensional, levadas hasta presiones de
8 kg/cm?, se determinaron modules promedio de varlacién volumétrica, mv en
recompresion y en compresion de 0.006 y de 0.186 cm2/kg. respectivamente. Analizando
el desarrollo que tuvieron las curvas de consolidacion durante la etapa de carga, se
determiné que €l coeficlente de consolidacién promedio, Cv, correspondiente al estado

actual de esfuerzos es de 4.0 x 104 cm?/s.

A juzgar por los valores de las cargas de preconsolidacion, y su comparacion con el

esfuerzo efectivo actual, el suelo se encuentra preconsolidado (flg 11).

En algunos de los sondeos realizados en la fraccion noroeste del predio, al
princtplo de la exploraclon, se detectan, estratos de arena arcillosa (SC). color café claro,
en estado muy compacto (N=48 a > 50), de poco espesor y extension muy variables, en la
vecindad de los 30 metros de profundidad, que al continuar la exploracién en el resto del
predifo, desaparecen.

33.6 a mis de 40.0 m, Depédsitos arenosos profundos.
Clasificacién.

Los depésitos arenosos se detectan en toda el area explorada, a una profundidad
de 33.6 m en promedlo y presentan un espesor mayor a 6 m, con una compacidad
variable desde medianamente compacta hasta muy compacta {N=11 a > 50}, El 4ngulo de
friccién interna efectivo determinado a partir de pruebas triaxiales consclidadas no
drenadas con medicién de poro {CU). oscila entre valores de 34 y 42°,

Plezometria y andlisis fisicoguimico del agua fredtica.
Piezometria.
A partir de las primeras mediciones en los pozos de observacion del nivel freatice

que alcanzan profundidades de 6. 8 ¥ 10 m, y en las eslaciones piezométricas con

elementos instalades a profundidades de 5.0, 17.0. 18.5. 20.0, 30.0. 33.0 y 38.0 m,
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resulta que la presion de agua en el subsuelo es fgual a la hidrostatica, es deeir que no se

registran abatimientos ni subpresiones .
Andlisis fisicoquimicos.
Estos analisis efectuados sobre muestras de agua, extraidas de los plezémetros,

determinan contenidos promedio de cloruros y sulfatos de 5799 y 403 ppm,
respectivamente, un PH promedio de 7.9 % y 3 ppm de materia organica.



6.1
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6 ANALISIS DE CIMENTACION DE LAS
ESTRUCTURAS DE LA PLANTA.

Descripcitn de los equipos y edificlos principales de la planta (fig 3).
Equipos principales.
a) Turbogeneradores.

Constan de cuatro elementos basicos: la turbina, el generador, una caja de
ststemas eléctricos/electrénicos y un compartimiento de accesorios secundarios.
El peso total aproximado de tales elementos es de 1595 { y son soportados sobre

una base rectangular de concreto con area aproximada de 10 x 30 m.
a} Unldades HRSG.

Las unidades HRSG (Heat Recovering Steam Generator) se colocaran cerca de los
turbogeneradores sobre una losa rectangular de concreto con 4rea aproximada de
10 x 30 m, a la que transmitirdn un peso total de 916 t.

b) Compresores de aire CM-60 y CM-65.

Estos compresores estaran montados junto con su motor sobre un pedestal de
concreto de 11 m de altura, y bajo elios se tendran contenedores enfriadores de
aire. Todo el sisterna se apoyara sobre una base rectangular de concreto con area
aproximada de 8 x 18 m, teniéndose una carga distribuida a nivel de cimentacién
del orden de 4 t/m?.

¢) Instalaciones “Linde”, unidades de intercambio de aire.
Cajas de rectificacidn.
Consisten en un par de contenedores cilindricos verticales, de acero, de 8 m de
didmetro exterfor y aproximadamente 50 m de altura, separados entre si 1.5

m, soportados por una misma losa de cimentacion de 10 x 20 m. a la que

transmitirdn una carga total estimada en 2000 t.




Caja de intercambio.

Se trata de una caja rectangular formada por marcos de concreto con una
serie de instalaciones hidraulicas y eléctricas, con peso total aproximado de

1000 t que serdn transmitidas a una base de concreto de area de 10 x 14 m.

Absorbedores.

Consisten en un par de contenedores cilindricos dispuestos en forma
horizontal, con diametro exterior de 4 m y longitud de 25 m, seran soportados
por dos apoyos con separacién de 21 m. los gque a su vez se encuentran
empotrados en una losa de concreto con dimensiones de 14 x 25 m, a la cual

transmitirin una carga total estimada en 3500 t.
Tanque de enfriamiento.
Este es otro contenedor cilindrico de eje vertical, de 1.5 m de diametro exterior
v 18 m de altura, con un peso total de 550 t, el cual se apoya sobre una base
cuadrada de concreto de 6 m de lado.
6.1.2 Torres de enfriamiento y otros tanques de almacenamiento.
a) Torres de enfriamiento.
Estaran integradas por dos mdédulos principales de 30 m de ancho y 270 m de
largo. que agruparan 13 torres de 10 m de dlametro e igual altura, soportadas por
una base de concreto sobre la cual se tendrd una carga distribuida estimada en
1.2al.5t/m2
b) Tanques 50-TK-001 y 54-TE-00L.
Tanques circulares de 15 m de diametro y 12 m de altura. con capacidad para

almacenar 2050 m? de agua. La carga maxima a nivel de cimentacién estando

llenos sera de 2118 t y el momento por sismo de 1572 t-m.
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¢} Tanques 56-TK-001 y 57-TK-001.

Tanques circulares de 5 a 10 m de diametro y 12 m de altura. con capacidad para
almacenar 1423 m? de agua. La carga maxima a nivel de cimentacién para lleno

total serd de 1472 t y el momento por sismo de 1471 t-m.

Edificios principales.

a) Edificio Administrativo y de Control.

Estructura de un nivel, con dimensiones en planta de 28 x 35 m. compuesta por
marcos rigidos y losas de concrelo armado, con claros de 7 a 11 m y descargas por

columna que oscilan entre 5 y 14 t.

b) Edificio de Almacén.

Se trata de una estructura con altura de 8.5 m y area de 20 x 35 m., resuelta
mediante inarcos rigidos de acero que libran claros de 20 m con espaciamientos de
5 a 10 m y que soportan una cubierta de ldmina, a dos aguas, ademas de una
grua viajera con capacidad de 100 t, tenlendo descargas por columna de hasta
102 t.

¢} Edificio de Compresores.

Este edificio serd uno de los mas importantes, ya que comprende un irea de 175 x
30 m, con una altura de 27 m, teniendo una estructura formada por marcos
rigidos de acero de 30 m de claro, espaciados a cada 7 m. con paredes y techo
recubjertos de lamina, ademas de una grma viajera con capacidad de 100 t. En

este caso las descargas por columna se encuentran entre 30 y 190 t.

d) Subestaciones.

En promedio estos edificios tendran dimensiones de 30 x 13 m, con una
estructura de marcos rigidos y losas de concreto. Para un médulo tipe con
dimensiones de 8.5 x 24 m las descargas a nivel de cimentacién por apoyo varian

de 54 a 81 t. El peso total de la estructura, sin incluir la cimentacién es de 457 t.




6.2 Parametros de resistencia del subsuelo, para diseiio geotécnico.

El angulo de friccién interna minimo a considerar para el Estrato Arenoso
Superficial, bajo la condicién de compacidad suelta es de 30°. Sin embargo su notorio
potencial de licuacién obliga a realizar en é un mejoramiento, el cual sera descrito mas

adelante.

Para efectos de diseno geotécnico, la cohesion promedio en los suelos arcillosos se
considerara de 3.0 t/m?2 en la Primera Formacion Arciliosa, y de 10.2 t/m? en la Segunda

Formacion Arcillosa.

Por otra parte, de conformidad con las pruebas de compresidon triaxial
consolidadas no drenadas con medicion de presion de poro. el valor promedio del angulo
de friccion interna efectivo de la arcilla es de 16° en la Primera Formacion Arcillosa y de
31° en la Segunda.

El angulo de friccién interna promedic a considerar para los Depdsitos Arencsos
Profundos, es de 35°,

6.3 Mejoramiento del Estrato Arenoso Superficial.

Como antes se ha sefalado, los suelos que forman el Estrato Arenoso Superficial
son susceptibles de experimentar licuacién durante la ocurrencia de un sismo, la cual
puede traducirse en asentamientos bruscos de magnitud no despreciable que podria
causar daftos importantes a las estructuras apoyadas por superficie, de manera que para
reducir riesgos de una posible falla por esta causa, se recomienda efectuar su

mejoramiento.
6.3.1 Sitios de aplicacién.

El mejoramiento debe efectuarse antes del relleno de sobreelevacién. en todas las
areas que ocuparan los edificios y estructuras ligeras, cimentados por superficie.

Previamente a su ejecucion, debera hacerse el despalme de las areas por tratar,

6.3.2 Método propuesto.




La compactacion por vibrado puede ser una alternativa aplicable, utilizando un
martillo vibratorio del cual penda un ademe metalico de 5 a 6 m de largo y casi 1| m de
diametro, el cual se hincara y se extraera, siguiendo un patrén cuadricular con 1.5 0 2.0
m de lado, ajustada en campo, de acuerdo a pruebas previas que se realicen en €l drea
(fig 12).

6.3.3 Verificacion y control.

La efectividad del mejoramiento debera verificarse medlante pruebas de
penetracion estindar, realizadas antes ¥ después del mismo. en general se considerara
aceptado si el nimero de golpes evaluado con dicha prueba, entre 1 y 5 metros de
profundidad, es superior a 20, lo cual lleva implicite un factor de seguridad de 2. Los
sondeos de penetracién estandar verificatorlos. pedran realizarse a cada 200 m2? de
tratamiento.

6.4 Soluciones de cimentacién para los equipos principales.

Como se sefialé en los antecedentes, en las estructuras de este tipo sera necesario
recurrir a una solucién de cimentacién mixia integrada por una losa apoyada sobre el

terreno y pilotes reductores de asentamientos, que trabajen por fricclén y punta.

A fin de satisfacer el estado limite de servicio, es decir, que la cimentacién no
experimente asentamientos superiores a 2.5 cm, la punta de los pilotes debe quedar
apoyada sobre los Depdsitos Arenosos Profundos, detectados a una profundidad media de

33.6 m respecto al nivel original del terreno natural.

Los pllotes deberan tener entonces una longitud total de 35 m, para librar el
rellenc que se colocara para sobreelevar el nivel actual del terreno, y también para tomar

en cuenta la posicién real del estrato de apoyo citado, en las diferentes zonas del predio.

Esta propuesta considera la carga de arrastre provocada por el relleno, que actia

como una friccion negativa sobre los pilotes.

Los pilotes seran de concreto prefabricados. e hincados en una perforacion previa,
llevada hasta los Depésitos Arencsos Profundos. Estos pilotes podran ser de seccion

cuadrada ya que la mayor contribucion a la capacidad de carga sera por punta.




A continuacion se presenta el anilisis realizado para evaluar los estados limnite de

falla y de servicio de la cimentacién propuesta.

6.4.1 Estado limite de falla.

En la solucién de cimentacion mixta propuesta, el blogue portante de concreto que
se apoyara sobre €l Estrato Arenoso Superficial, tlene suficiente capacidad de carga por
cortante para soportar las presjones de contacto inducidas por los equipos. Sin embargo
sin la ayuda de los pilotes, su expectativa de asentamiento supera los valores permisibles,

aun bafo carga estatica.

Adicionalmente, los analisis realizados en los suelos que forman el Estrato
Arenoso Superficial los califican como potencialmente licuables ante la presencia de
sismos, lo cual hace que su comportamiento sea poco confiable para los fines del presente
estudio de cimentacion, y se concluye que deben ser mejorados en su compacidad para
evitar que se ltclien o que se deformen en exceso, y esto se hara mediante uno de los

métodos que se sefialan mas adelante.

Por otro lado. aunque se mejore ia compacidad de! Estrato Arenoso Superficial,
la compresibilidad de las Formacicnes Arcillosas Subyacentes, puede provocar

asentamientos inadmisibles, lo que obliga al uso de los pilotes ya mencionados.

En conclusién, puede considerarse que el bloque portante de concreto, es capaz de
procurar una capacidad de carga admisible para los fines de la cimentacién mixta bajo
analisis.

6.4.2 Estados limite de servicio.
a) Cilculo del asentamiento que provocari ¢l relleno de sobrecelevacién.

Teniendo en cuenta que el relleno de sobreelevacion tendra un espesor del orden
de 1.5 m, y considerando que pesa 2 t/m3, la sobrecarga que inducira en la superficie del

terreno. serd de 3 t/ma2.

El asentamiento elastico dcl Estrato Arenoso Superficial, se ha estimado en 2 cm,

considerando que tiene un modulo de deformacion de 75 kg/em®.




Empleando la teoria de K. Terzaghi para el calculo de asentamientos, y los
resultados de las pruebas de compresibilidad realizadas, se obtiene que el asentamiento

de los estratos arcillosos, debido al relleno serd de 15.6 cm.

En la figura 13 se muestra la distribucién con la profundidad del asentamiento

total, sumando las contribuciones de los estratos arciliosos y del arencso superficial.

Aplicando la misma teoria de Terzaghi. se ha valuado en forma aproximada, el
desarrollo que tendra el asentamiento antes calculado, a lo large del tiempo, utilizando Ia
siguiente expresion:

t=TH2 / Cv
donde:
t = tiempo para alcanzar un clerto porcentaje de consoclidacidn, en s.
T = factor tiempo, asociado al porcentaje de consolidacién, adimensional.
H = espesor efectivo del estrato compresible, en cm.

Cv = coeficiente de consolidacion, en em2/s.

Aplicando esta teoria se cobtuvo la curva de evolucion en el "tlempo, del
asentamiento y del porcentaje de consolidacién, para la sobrecarga inducida por el relleno
{fig 14). En dicha curva se puede ver que para el periodo estimado de vida 1til de la obra,

del orden de 25 anos. se tendra un asentamiento del orden de 8 cm.

b) Cilculo del asentamiento para el conjunto blogue portante/pilotes.

Como se menciond anteriormente, los bloques portantes, sin pllotes, pueden sufrir

asentamientos de consideracién, superiores a los valores admisibles.

En lo que sigue se analizara entonces el comportamiento del conjunto bloque
portante/pilotes, considerando que los pilotes tendran una capacidad dltima en

toneladas, calculada de acuerdo a 1o expresado en el inciso sigulente.
b1) Cilculo de la capacidad axial Gltima de los pilotes reductores de asentamiento.
Para el catculo de la capacidad dltima {Qu) de los pilotes que ayudara a reducir los

asentamicntos, se tendra en cuenta tanto la contribucion de la [riccién como de la punta,

¢s decir:




Qu=0f+Qp
Donde:

Qu = capacidad ultima total, en toneladas
Qf = capacidad ultirma por friccién, en toneladas

Qp = capacidad ultima por punta, en toneladas

la capacidad dltima por friccisn puede ser calculada con las siguientes

expresiones, dependiendo del tipo de suelo.

En suelos granulares:
Qf = (0" Kstg S FR) Al

Donde:

o’ = esfuerzo efectivo, en t/m?

Ks = coeficiente de empuje horizontal, adimensional

tg & = coefictente de friccion suelo-pilote, adimensional

FR = factor de resistencia, igual a 1

Al = area lateral del fuste, en m2

En suelos cohesivos:
Qf={aCuFR})Al

Donde:

o = coeficiente reductor segiin Tomlinson, adimensionat

Cu = resistencia no drenada, en t/m?
FR = factor de resistencia, igual a 1

Al = area lateral del fuste, en m?

Y la capacidad altima por punta debe calcularse con las expreslones siguientes, de

acuerdo tambilén al tipo de suelo,
En suelos granulares:

Qp=1(0"NgFR) Ap
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Donde:

¢’ = esfuerzo efectivo, en t/m?2

Ng = factor de capacidad de compacidad. funcién del dngulo de friccion
interna y de ta relacion de empotramiento D/B
D = empotramiento del pilote dentro del estrato portante, en m
B = dldmetro o ancho del pilote o pila. en m
FR = factor de resistencia, igual a 1

Ap = drea de la seccion transversal, en m?2

En suelos cohesivos:
QGp=(CuNcFR+0 }Ap

Donde:

Cu = resistencia no drenada, en t/m?
Nc = factor de capacidad de compacidad, igual a 9
FR = factor de resistencia, iguala 1

o’ = esfuerzo efectivo, en t/m?2

Ap = area de la seccién transversal, en m?

Teniendo en cuenta los paramtetros de resistencia ya definidos para los diferentes
estratos que airavesaran los pilotes, puede obtenerse la capacidad ultima total (Qu) como
la suma de las capacidades por friccion (Qf) y por punta (Qp} a diferentes profundidades,

para pilotes cuadrados de 30, 40 o 50 cm de lado, como se muestra en la tabla 1.

En las grificas de las figuras 15 a 17 se muestra la variacién con la profundidad

de la capacldad ultima por friccién, asi como de la capacidad ultima total.

Para la seleccion del diametro mas apropiado, debera tenerse en cuenta la

magnitud de la friccién negativa y la magnitud de los asentamientos esperados.

b2) Evaluacién de la friccién negativa provocada por el relleno de sobreelevaci6n.
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El asentamiento que induce el relleno de sobreelevacion, provocara friccién
negativa sobre el fuste de los pilotes. Para poder evaluar esta friccion es necesario definir
la posicion del eje neutro del sistema de pilotes.

Aceptando la hipotesis de que el asentamiento del conjunto bloque
portante/pilotes esti condicionade por el asentamiento de su eje neutro, se propone fijar
la posicion de éste a la profundidad donde, de acuerdo a la curva de asentamiento del
relleno contra la profundidad (fig 13). la magnitud del asentamiento no supere los 2.5 cm
establecidos.

En la figura citada puede observarse que el asentamiento total calculado a 22 m
de profundidad, cumple con la limitante senalada y por lo tanto se propone fijar en tal

nivel la posicién del eje neutro del sistema de pilotes.

Conociendo la posicion del eje neutro, se puede evaluar la magnitud de la friccién
negativa que actuard sobre los pilotes y la capacidad remanente ultima que debera

considerarse en los cilculos para la seleccion del namero de pilotes a emplear.

b3) Ejemplo de calculo.

Este es un ejfernplo de cdlculo para un bloque portante de 10 x 20 m con pilotes

reductores de asentamiento.

Considerando que el bloque portante con espesor de 1.2 m se apoye en pilotes
cuadrados de 40 cm de lado, hincados hasta 33.6 m de profundidad y, que soporte una
carga total de 7 t/m?, incluyendo equipos y cimentacién, se tendrin las siguientes

condiciones.

Carga dltima total en pllotes cuadrados de 40 cm de lado, a 33.6 m de
profundidad, segan tabla 1 y graficas de la figura 16.
Qut =406 t

Carga por friceién negativa a 22 m de profundidad, en pilotes cuadrados de 40
cm de lado, segun graflea de 1a figura 16,
FN=85t
Carga qtil remanente. después de restar el doble efecte de la friccidén negativa, en
pilotes cuadrados de 40 cm de lado. a 33.6 m de profundidad.
Qur = 406 - 2(85) Qur =236t
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Tabla 1
Capacidad tltima total [ Qu) en pilotes

de seccién cuadrada, hincados.

Profundi - B =230 B =40 B =50
dad en m cm cm cm
Qp en Qf en ton Qu en Qp en Qf en ton Quen Qp en Qf en ton Qu en
ton ton ten ton ton ton

5 2.19 5.46 7.65 3.90 7.28 11.18 6.09 9.10 15.19
9.5 3.15 17.07 20.22 5.60 22,76 28.36 B.75 28.45 37.20
18.1 4.19 39.64 43.83 7.44 52.85 60.29 11.63 66.07 77.70
20 5.85 55.65 61.50 10.39 74.20 84.59 16.24 92.74 108.98
24.3 13.70 76.27 89.97 24.35 101.69 126.04 38.05 127.11 165.16
29.4 15.06 114.31 129.37 26.77 152.41 179.18 41.83 190.51 232.34
33.6 17.21 130.63 147.84 30.59 174.19 204.78 47.81 217.72 265.53
33.6 130.50 130.63 261.13 232.00 174.19 406.19 362.50 217.72 580.22
35.6 191.81 147.97 339.78 341.00 197.29 538.29 532.81 246.61 779.42
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Carga admisible en pilotes cuadrados de 40 cm de lado, a 33.6 m de profundidad
para un factor de resistencia de 0.5 (FS = 2).
Qa=236x 0.5 Qa=118t¢

Namero de pilotes cuadrados de 40 cm de lade. hincados en perforacion previa a
33.6 m de profundidad, considerando una carga total de 1400 t.
Nam = 1400 / 118 Nm = 11+ = 12 pilotes

Para la revisién de asentamientos se recurrié al método de Terzaghi, considerando
la carga de los equipos, de la cimentacién y la fricclon negativa inducida por el relieno,

obteniendo en suma un valor de 1.8 em, por lo tanto admisible.

Si la longitud de los pllotes reductores de asentamiento fuese menor que el valor
de 33.6 m fijado, los asentamientos que se inducen superan el valor limite establecido de
2.5cm.

En la Tabla 2. se muestran las capacidades admisibles de pilotes de seccion
cuadrada. hincados hasta los Depésitos Arenosos Profundos, ubicados a la profundidad
promedio de 33.6 m. Con los datos ahi mostrados se podra calcular el namero de pilotes

para cada bloque de clmentaclén en particular, en funcién de las cargas actuantes.

Tabla 2
Capacidades admisibles en pilotes cuadrados, hincades.

Carga ultima | Carga tltima | Carga altima | Friccion negativa Carga
Lado por friccién por punta total a22m admisible
en cm ent ent ent ent Fs=2
30 136.6 130.5 261.1 62.0 68.6
35 172.6 177.6 350.3 72.8 102.4
40 174.2 232.0 406.2 85.0 118.1
45 2219 293.6 515.6 94.3 163.5
50 217.7 362.5 580.2 105.0 185.1

6.4.3 Longitud de tramos de pilotes.

Para alcanzar la profundidad promedio dc proyecto de 33.6 m, serda necesario

procurarle a los pilotes una longitud de 35 m, que tome cn cucnla ¢l espesor del relleno
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de sobreelevacion y las variaciones locales de la profundidad de los depdsitos arenosos

donde se apoyard la punta de los pilotes.

De acuerdo a las experiencias disponibles, no es practico hincar en una sola pieza
pilotes de 35 m de longitud, por lo que deberan manejarse en dos tramos: el inferior “fijo”
de 15 m ¥ el superior “ajustable” de 20 m.

6.4.4 Junta mecinica entre tramos de pilotes.

Para agilizar el proceso de hincado. se recomlenda utilizar alguna de las juntas

mecéanicas disponibles en el mercado, como las mostradas en la figura 18.

6.4.5 Capacidad admisible de los pilotes a tensién.

Considerando conservadoramente que la junta mecdnica mencionada
anterformente, no transmita esfuerzos de tension, la capacidad admisible a tensién de los
pilotes serd aportada por la componente fricclonante de su tramo superior “ajustable”, de
20 metros, con los valores que se indican en la tabla 3 que sigue, los cuales incluyen un
factor de seguridad FS = 2.

Tabla 3

Capacidad admisible a tensién, en pilotes de seccién cuadrada, considerando

que su tramo superior es de 20 metros.

Lado del pilote Capacidad admisible a tensién
en cm ent
30 28
40 37
50 46

6.4.6 Separacién mixima de pilotes, en funcién de su drea tributaria.

El area tributaria de un pilote puede definirse como la zona del suelo en la que

tiene influencia la friccion que pueda desarrollarse sobre el fuste. sea positiva o negativa.
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Atendiendo a la teoria de Zeevaert para el cdlculo de la friccién negativa, el drea

tributaria de pilotes puede calcularse con la siguiente expresion:

a=7n(12r,)2

donde:

a = area tributaria, en m?2

To = Tadic o0 semiancho de los pllotes, en m
De manera que para los semianchos considerados de entre 15 y 25 centimetros,
las dreas tributarias correspondientes estaran comprendidas entre 10 y 28 m, es decir

radios de influencia de 2 a 3 metros.

En la tabla 4 se muestran las separaciones maximas entre pilotes de diferentes

anchos, en funclén de su area tributaria.

Tabla 4

Separaciones maximas entre pilotes, en funcitén de su 4drea tributaria.

Lado del pilote Separacion maxima
en cm €1 1M
30 3.6
35 4.2
40 4.8
45 5.4
50 6.0
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6.5 Soluciones de cimentacién para las torres de enfriamiento y tanques varios
de almacenamiento.

6.5.1 Torres de enfriamiento.

No habiendo restricciones especiales a lo relativo a la ocurrencia de
asentamientos, para el denominado “Estado limite de servicio™, es posible proponer para
estas estructuras una solucion de cimentacién por superficie, previo mejoramiento del

Estrato Arenoso Superior, ya antes mencionado.

6.5.1.2 Estado limite de falla.

Habiendo mejorado la compacidad del Estrato Arenosc Superior, la capacidad de
carga para la cimentacién bajo andalisis, estard conirolada por las propiedades mecanicas
de la denominada “Primera formacion arcillosa”, caracterizada con una cohesion de 3

t/m? y un angulo de friccion interna de 0°.

En tales condiciones, considerando la teoria de Skempton. es de esperarse un
valor admisible para la capacidad de carga en zapatas corridas o aisladas, de 7.5 y de 8.1

t/m?, que se considera transmitiran las torres de enfriamiento.

6.5.1.b Estado limite de servicio.

Aplicando la teoria de consolidacién de Terzaghi y teniendo en cuenta las
dimensiones de los modulos de cimentacion de las Torres, de 30 m de ancho por 270 m
de largo, el asentamiento maximo esperado a largo plazo en la zona central, por este
concepto, serd de 8 cm, y en los bordes, de 4 cm. Para obtener la deformacion total, a
éstos valores debera sumarse el valor del asentamiento que Inducira el relleno de

sobreelevacion, estimado en 17.5 cm (fig 13).

De acuerdo al coeflciente de consolidaclon determinado en los suelos arciliosos, es
de esperarse que en el periodo de construccién, se presente un 10 % del monto de los
valores de asentamiento antes mencionados, y hasta un 45 % durante los 25 afios de vida
util de la Planta (fig 14).
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Es decir que durante la vida util de la Planta se espera que se presente
unicamente el 35 % del total de los valores indicados. y asi el asentamiento relativo a
tomar en cuenta para el diseno estructural sera del orden de 0.35 x 8.0 = 2.8 cm. con
diferenciales de! orden de la mitad, lo cual se considera aceptable de acuerdo a los limites
establecidos,

6.5.2 Tanques varios de almacenamiento.

En este caso, por su mayor magnitud de cargas asi como por la gran extensién
que en general comprenden, es claro que también sera necesario recurrir a la solucion de
cimentacién mixta integrada por un bloque portante, de concreto, apoyado scbre pilotes

reductores de asentamientos, que trabajen por friccion y punta.

A fin de satisfacer el estado limite de serviclo, es decir, que la cimentacién no
experimente asentamientos superiores a 3.8 cm, que es la tolerancia aceptada para estas
estructuras, la punia de los pilotes debe quedar apoyada sobre los Depdsitos Arenosos
Profundos, detectados a una profundidad media de 33.6 m respecto al nivel original del

terreno natural.

De manera que los pilotes deberin tener entonces una longitud total de 35 m,
para llbrar el relleno que se colocard para sobreelevar el nivel actual del terreno., y
también para tomar en cuenta la posicién real del estrate de apoyo citado, en las

diferentes zonas del predio.

La propuesta anterior considera la carga de arrastre provocada por el relleno, que

actia como una friccién negativa sobre los pilotes.

Los pilotes serdn de concreto, prefabricados. € hincados en una perforacién previa.
llevada hasta los Depositos Arenosos Profundos. Estos pllotes podran ser de seccion
cuadrada ya que la mayor contribucién a su capacidad portante, serd por punta,

Fara la revision de ios estados limites de falla y de servicio se procede igual que en

los puntos 6.4.1 y 6.4.2.

6.6 Soluciones de cimentacién para los edificios principales.




30

Atendiendo al tipo y magnitud de cargas de los edificios principales, la solucién de

cimentacion recomendable para cada uno sera:

Edificio Administrativo y de Control.

Es aceptable el uso de zapatas aisladas o continuas, apoyadas sobre el relleno de

sobreelevacion, previo mejoramiento del Estrato Arenoso Superficial.

Subestaciones.

Se podran resolver con losas continuas de eimentacién. apoyadas directamente

sobre ¢l relleno de sobreelevacion, previo mejoramiento del Estrato Arenoso Superficial.

Edificios de Compresores y del Almacén.

Para estos dos edificlos se requerira de una cimentacién mixta compuesta por

zapatas aisladas y pilotes reductores de asentamientos ligados mediante trabes.

6.6.1 Estado limite de falla.

En las figuras 19 y 20 se Indica la capacidad de carga admisible por resistencia al
esfuerzo cortante para zapatas aisladas y continuas, respectivamente, de distintos anchos

y desplantadas en el relleno de sobreelevacion.
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7 ANALISIS DE CIMENTACION DEL CARCAMO
DE BOMBEQ “ON SHORE".

7.1  Parimetros de log suelos.
Se cuenta con un perfil estratigrafico deducido del sondeo BC-1 (Anexo 2). La

figura 21 muestra una planta y un corte de ubicacién del carcamo. La tabla 5 indica los

valores promedio de los parametros de los suelos en cuestion.

Tabla 5
PARAMETROS GEOTECNICOS
Estrato v nat E v Cu c @
en t/m3 en kg/cm? en kg/cm? | en kg/em? En°®
Arena 2.0 500 0.3 - o 46
Arcilla blanda 1.7 50 0.5 0.3 - -
Arcilla firme 1.8 140 0.5 1.2 -- -

Donde:

7 nat = peso volumétrico natural del terreno

E = madulo de elasticidad del terreno
v = relacion de Poisson del terreno
Cu = cohesion no drenada del terreno

C’, ("= cohesion y friccién drenada del terreno

7.2  Alternativa de construccitn con Jet-Grouting.

En esta alternativa se proyecta inyectar columnas de Jet-Grouting alrededor del

perimetro del carcamo asi como en el fondo.

Las columnas de Jet-Grouting alrededor del circamo empiezan a la profundidad
de 2 m porque la presién de inyeccion es alta e impide que las columnas empiecen desde

la superficie del terreno.
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7.2.1 Determinacién del ancho de pared de Jet-Grouting.

Las columnas l[aterales de Jet-Grouting sirven para formar una masa homogénea
de mezcla terreno-cemento para garantizar la estabilidad de las paredes durante 1a fase
de excavacion, esto se logra mediante el uso de dos lineas de troqueles. Las columnas de
Jet-Grouting inyectadas en el fondo sirven para garantizar la estabilidad de éste contra la

falla que puede ocurrir durante la fase de excavacion.

Se obtiene el ancho de pared formada por la mezcla terreno-cemento analizando
los esfuerzos inducidos en el terreno por la excavacion del carcamo. El ancho de pared de
Jet-Grouting debe impedir la aparicion de esfuerzos induciendo la plasticidad en el
terreno alrededor del circamo, especialmente en la capa de arcilla blanda. El ancho de

1.5 m fue fljado para un factor de seguridad igual a 2.

Desviador Maximo en la_Arcilla Blanda > 2
2Cu

En este andlisis se considera que la mezcla terreno-cemento tiene un
comportamiento cohesivo de 20 kg/cm? de resistencia en compresion simple. La
experiencia de Jet-Grouting en la arcilla bianda de la Ciudad de México, muestra que se

puede alcanzar esta resistencia sin problemas, y es mas facil alcanzaria en las arenas.

7.2.2 Determinacién del espesor de Jet-Grouting en el fondo.

Se obtiene el espesor del fondo inyectado por Jet-Grouting analizando la falla del

fondo por dos métodos diferentes, pero complementarios en este caso.

El primer método, que es el mas utilizado, considera el valor de la cohesion del
terreno en el fondo de la excavacién. En este caso la cohesién es igual a 1a de la mezcla
terreno-cemento Cuye = 10 kg/em2. Considerando una sobrecarga qs = 2 t/m?2 y las
dimensiones del circamo, el factor de seguridad contra la falla del fondo es FS = 25. Este
factor es obviamente muy alto, pero no tormma en cuenta el espesor del fondo tratado por
Jet-Grouting.

El segundo método que debe fijar el espesor de la mezcla terrenc-cemento en el

fondo, considera el equilibrio de esta mezela bajo el empuje vertical ascendente de la
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arcilla blanda al fin de la excavacién del circamo. Esta zona tratada en el fondo debe
estar ligada en todo su espesor a las columnas verticales de Jet-Grouting ubicadas
alrededor del carcamo para hacer contribuir la cohestén de la mezcla terreno-cemento en
todo el espesor del fondo.

En este caso, el factor de seguridad esta definido por:

FS = Cuyg
v

Donde V es el esfuerzo cortante entre el fondo y las columnas verticales.

Considerando FS = 4, se encuentra un espesor f = 1.5 m para la zona tratada en el
fondo. Se tomé un factor de seguridad de 4 (considerado como grande) para prevenir las

imperfeccicnes de contacto entre las zonas tratadas en el fondo y alrededor del carcamo.
7.2.3 Anilisis de falla por subpresién.

Al fin de la excavacién del carcamo, tendremos una diferencia del nivel de agua
freatica de 11.5 m entre el nivel de terreno natural y bajo el fondo tratado del carcamo.
Esta diferencla inducird un esfuerzo vertical hidraulico ascendente P. = 11.5 t/m?
aplicade en la base de la zona tratada en el fondo del carcamo. Contra este empuje
actuaran el peso de teda la mezcla terreno-cemento (alrededor y al fondo del carcamo}
mas la contribucion de la cohesion de la capa de arcilla blanda al contacto con la mezcla

terreno-cemento.

El factor de seguridad es:

peso + _contribucién de la cohesion
FS = Pw = 1.45

Este valor puede ser considerado bajo, sin embargo refleja la situacién al final de
la construccién del carcamo antes de revestirlo y someterlo a las cargas que haran subir
el factor de seguridad. Ademas si se usan pilotes de friccion bajo el carcamo, estos

contribuiran a subir igualmente el valor del factor de seguridad.
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7.3  Alternativa de construccién con Muro Milin y Jet-Grouting.

En esta alternativa se plensa primero inyectar columnas de Jet-Grouting en el
fondoe del carcamo, para después construir un Muro Milin alrededor del carcamo antes de

empezar su excavacion,

7.3.1 Determinaci6n del ancho de pared del Muro MilAn.

El Muro Milin forma una pared de concreto colado y reforzado con malla. El
ancho tedrico necesario para impedir la aparicion de la plasticidad en el terreno alrededor
del carcamo. especialmenie en la arcilla blanda. es apenas de algunos centimetros,
debido a la alta rigidez del concreto relativa a la de los suelos presentes. Sin ¢mbargo
tomaremos un ancho igual a 60 cm, el cual es un ancho razonable para garantizar al

buen procedimiento de construccion del Muro Milan (fig 22).

7.3.2 Determinacién del espesor de Jet-Grouting en el fondo.

El analisis es el mismo que lo propuesto en la alternativa anterior en el inciso

7.2.2; El espesor para la zona tratada en el fondoes de f = 1.5 m.

7.3.3 Revisién de la falla por subpresién.

Al final de la excavacion del carcamo, se tendra una diferencia del nivel de agua
freatica de 11.5 metros entre el nivel de terreno natural y bajo el fondo tratado del
carcamo. Esta diferencia provocard un esfuerzo vertical hidriulico ascendente igual a
11.5 t/m? aplicado en Ia base de la zona tratada en el fondo del circamo. Contra este
empuje actuaran el peso del Muro Milan y el de la mezcla terreno-cemento al fondo del
circamo més la contribucion de la coheslon de la capa de arcilla blanda con el Muro

Milan. No se tomo en cuenta la friccion entre la capa de arena y el Muro Milan.

El factor de seguridad es:

peso + contribucion de la cohesion
FS = Pw =1.22
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7.3.4 Anilisis de los empujes sobre el Muro Milin.

En la figura 23 se muestra el balance de los esfuerzos laterales actuando sobre el
Muro Milan; en esta figura la "a” corresponde 2 los esfuerzos laterales activos y la "p” a
los esfuerzos laterales pasivos que actaan sobre el muro.

El analisls de los empujes activos fue realizado con un valor de K, = 0.16 para la
arena, el cual es inferfor al valor de reposc Ko = 1 / 1 - 1 = 0.43 que actia a mas largo

plazo.

Los empujes, por metro lineal, correspondientes a las areas 1, 2, 3 y 4 de la
mencionada figura 23 son:

R1=228t R2=464t, R3=568.2t R4=46t
Ye activos =R1+R2+R4 = 7381

¥ e. pasives = R3=568.2 t

A esto hay que agregar el efecto de las dos lineas de puntales en los niveles -3 y-7
metros, que aseguran el equilibrio temporal.
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8 ESPECIFICACIONES PARA
EL HINCADO DE PILOTES.

Alcance.

En la presente especificacion se proporcionan los lineamientos para realizar el
hincado de los pilotes que constituiran la cimentacion de los diferentes componentes de la
Planta de Nitrégeno Cantarell (fig 3).

Los pilotes seran de concreto reforzado, de seccidn cuadrada, hincades a

percusion dentro de una perforacion previa guia.

La punta de los pilotes debera apoyarse en los Depésitos Arenosos Profundos,
situados a una profundidad promedio de 33.6 m con respecte del nivel actual del terreno,

equivalente a la elevacién -25.2 msnm.

Procedimiento constructivo.

El proceso de hincado de los pilotes se podrd realizar con los lineamientos

senalados a continuacion:

1.- El hincado de los pilotes se efectuara a partir del nivel superior del relleno de

sobreelevacidn, colocado después de haber efectuado el despalme.

2.- Antes de hincar cada pllote se debera ejecutar una perforacién previa cuyo
dlametro no sea mayor que el ancho del pilote, y llevada hasta los depositos arenosos

profundos.

3.- En caso de presentarse problemas de inestabilidad en las paredes de la
perforacion, se utilizard un contrademe, si la inestabilidad ocurre en el Estrato Arenoso
Superficial, o blen agua o lodo bentonitico, si la inestabilidad ocurre en las Formaclones
Arcillosas.

4.- Para garantizar la verticalidad de la perforacion debera contarse con una
estructura guia, la cual debera mantenerse a plome antes y durante la perforacién. No se

perniitira el Inicio de la perforacidn si la estructura guia no se encuentra a plomo.
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5.- Antes de iniciar el hincado, debera protegerse el cabezal de los pilotes con un
colchén compuesto por tres capas de madera de 5 cm de espesor, unidas cada una de
ellas firmemente y sobre las cuales se colocara un capuchén metalico. En caso de que el
colchén se dafie debera reponerse inmediatamente para evitar danos estructurales en la
cabeza de los pilotes.

6.- Durante el hincado, el pilote deberd asegurarse contra desplazamientos
laterales mediante una estructura guia y debera contarse con un equipo auxiliar de
mordazas para sujetar el pilote, en caso de que este tienda a hundirse por efecto de su

propio peso.

7.- El hincado de los pilotes debera efectuarse mediante un martillo, cuyo peso
del piston mévil oscile entre 0.35 a 0.5 veces el peso del pilote.

8.- Los pilotes deberan entrar a percusion hasta los Depodsitos Arenosos
Profundos, suspendténdose el hincado cuando la penetracion promedio por golpe en los

altimos 10, sea menor al valor de rechazo indicado a continuacién:

TABLA G
PENETRACION POR GOLPE, (RECHAZO)
EN PILOTES CUADRADOS, HINCADOS A 33.6 M

Lado del pilote Peso del pilote Martillo Penetracién por | Penetracién en
en cm ent minime *“D” golpe los dltimos 10
en cm golpes en cm
30 7.26 D30 1.3 13
35 9.88 D36 1.5 15
40 12.90 D46 1.4 14
45 16.33 D52 2.3 23
50 20.16 D80 2.7 27

9.- El desplome maximo permisible del eje longitudinal de los pilotes sera igual al
1 % de su longitud total.

10.- En cuanto a la posicidn en planta.de los pilotes, la distancia entre cabezas

no debera diferir en mas de 20 ¢m con respecto a la de proyecto.

11.- En el nivel de desplante del pilote se permitira una tolerancia de 10 cm.
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12.- Todo pilote cuya integridad estructural resulte dudosa por darips sufridos

durante su manejo o hincado, debera ser reemplazado por UNo nuevo.

13.- Después de hincados los pilotes hasta la profundidad de proyecto y con el
objeto de lograr una continuidad estructural con la zapata o losa de clmentacién y la
caheza de los pilotes, deberd demolerse la parte superior de éstos, hasta alcanzar el nivel
de desplante de la cimentacién. En caso de que en este nivel, el concreto presente
agrietamicnto por efecto del hincado sera necesaro seguir demoliendo hasta descubrdir el

concreto sano y mediante un nuevo colado ligarlo al reste de la estructura.
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9 CONCLUSIONES Y RECOMENDACIONES.

1.- El drea donde se construira la Planta de Nitrogeno Cantarell, es una zona
baja, ubicada a pocos kilémetros de la Laguna de Términos hacia donde desembocan los
rios Candelaria, Chumpén y Palizada, enire otros, donde predeminan los depdsitos fuvio-

laciistres y el nivel fredtico es superficial con variactones estacionales.

2.- Atendlendo a la regionalizactén sismica de la Republica Mexicana el
coeficlente sismico que le corresponde al area en estudio para estructuras tipo “A” es de
0.54. Por otra parte. del analisis efectuado para definir el espectro de respuesta del sitio

se desprende que el mismo coeficiente se encuentra entre 0.11 y 0.12.

3.- A partir de la exploracion realizada. que ha cublerto toda el area de estudio,

se ha podido precisar la siguiente secuencia estratigrafica:

Estrato Arenoso Superficial, 0.0 a 5.0 m

Presenta un espesor promedio de 5 m y esld compuesto por arena fina, poco
arcillosa (SP, SW, SP-5C, SW-SC), en estado medianamente compacto {N=10), color gris

verdoso con algunes fragmentos de conchas marinas.

Primera Formacién Arcillosa, 5.0 a 20.0 m

Se trata de un manto arcilloso de alta plasticidad (CH} y consistencla blanda
(N=2.5), que se extiende hasta los 20 m de profundidad, color gris verdoso, con alguncs

fragmentos de conchas marinas y materia organica (OH).

Segunda Formacién Arcillosa, 20.0 a 33.6 m

También estd compuesto por arcillas de alta plasticidad (CH). color café verdoso.
que en este caso contiene arena y presenta una consistencia dura {N=34}, el cual

comprende un espesor promedic de 13.6 m aproxmadamente.

ESTA TESIS NO SALE
DE LA BIBLIOTECA
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Depésitos Arenosos Profundos, 33.6 a mas de 40.0 m

Se detectan en toda el drea explorada a una profundidad de 33.6 m en promedio y

presentan un espeser mayor a 6 m, con una consistencia compacta (N=45).

4.- Los analisis quimicos efectuados a muestras del suelo superficial obtenidas
tanto del area de la planta como de la linea de conduccion, indican que los contenidos
promedio de cloruros y sulfates son de 0.21 y 0.025 %, respectivamente, y el grado de
alcalinidad (PH), también en promedio, es de 8.58.

5.- Los analisis quimicos efectuados a muestras de agua, extraidas de los
piezémetros, determinan contenidos promedio de cloruros y sulfatos de 5799 y 403 ppm,

respectivamente, un PH promedio de 7.9 y 3 ppm de materia organica.

6.- Por lo expresado en los punies anteriores, el cemento que debe utilizarse en la

planta, para las estructuras embebidas en ¢l subsuelo, debe ser resistente a los sulfatos.

7.- El nivel fredtico oscila entre 0.7 ¥ 1.5 m de profundidad y en ocasiones se

encuentra por arriba de! nivel del terreno natural.

8.- A partir de las primeras mediclones en los pozos de observacion del nivel
freatico que alcanzan profundidades de 6, 8 y 10 m. ¥ en las estaciones plezométricas con
elementos instalados a profundidades de 5. 17, 18.5. 20, 30, 33 y 38 m, resulta que la
presion de agua en el subsuelo es igual a la hidrostatica. es decir que no se reglstran

abatimientos ni subpresiones.

9.- Como antes se ha sefalado, los suelos que forman el estrato arenocso
superficial son susceptibles de experimentar Hcuacién durante la ocurrencia de un sismo,
la cual puede traducirse en asentamientos bruscos de magnitud no despreciable que
podrian causar dano importante a las estructuras apoyadas por superficte, de manera
que para reducir los riesgos de una posible falla por esta causa, se recomienda efectuar
su mejoramiento mediante el método de compactacién por vibrado que ha sido descrito en

el punto 6.3.

10.- Las cimentaciones de las estructuras senstbles a asentamientos, deberan ser

resueltas mediante un bloque portante de concreto, apoyado en pilotes reductores de
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asentamientos, trabajando por friccidn y por punta, con los valores admisibles de

capacidad mostrados en el inciso 6.4.

11.- Los asentamientos inducidos por el relleno de sobreelevacion provocaran en
los pilotes de cimentacién una fuerza parasita de arrastre que actuard como “friccidon
negativa” en su fuste, mermando su capacidad nominal de carga, es decir que los pilotes
deberan cargar el peso del relleno vecino ademas del propio de las estructuras y equipos

que sustentan.

12.- A fin de satisfacer el estado limite de servicio, es decir, que la cimentacion no
experimente asentamientos mayores a 2.5 cm, la punta de los pilotes deberd quedar
apoyada sobre los depodsitos arenosos profundos, detectados a una profundidad media de

33.6 m respecto al nivel original de terreno natural.

13.- Los pilotes deberan tener una longitud del orden de 35 m para librar el
relleno colocade en la superficie actual del terreno, y también para tomar en cuenta la
variabilidad en la posicién de los depdsitos arenosos profundos. De acuerdo con esto, y
considerando que no es prictico hincar pilotes de tal longitud en una sola pieza, deberan
manejarse en dos tramos: el inferior “fijo” de 15 m y el superior "ajustable” de 20 m.

14.- Para unir los dos tramos de pilotes convendra utilizar algin tipe de junta

mecanica, de las mostradas en la figura 18, para que el proceso de hincadoe sea agil.

15.- Considerando conservadoramente que la junta mecinica mencionada no
transmita esfuerzos de tension, la capacidad admisible a tensién de los pilotes sera
aportada por la componente friccionante de su tramo superior “ajustable” de 20 m, con

los valores que se indican en el punto 6.4.5.

16.- No hablendo restricclones especiales en lo relativo a la ocurrencia de
asentamientos para las torres de enfriamiento, es posible proponer una solucién de
cimentacion por superficie, previo mejoramiento del Estrato Arenoso Superficial, ya antes

mencionado.

17.- En los otros tanques de almacenamiento, por su mayer magnitud de cargas
asi como por la gran extensién que comprenden. también sera necesario recurrir a la

solucién de cimentacion mixta Integrada por un bloque portante de concreto, apoyado
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subre los pllotes reductores de asentamientos, trabajando por fricclén y por punta, con

las mismas caracteristicas que los de los equipos especiales.

18.- La solucién de cimentacién profunda también se aplicard a los edificios de

compresores y de almacén, disponiendo los pilotes bajo las zapatas de cada columna, y
quedando ligados por trabes.

19.- Por su parte, las estructuras ligeras como son el edificio de control y las
subestaciones podran cimentarse mediante zapatas aisladas y/o continuas, o bien losas

continuas, previo mejoramiento del Estrato Arenoso Superficial.

20.- La construccién del circamo de bombeo “on-share”, que implica realizar una
excavacién a 10 m de profundidad, puede hacerse aplicando 2 alternativas: Jjet-grouting
solamente o jet-grouting y muroe milan. La segunda parece mas factible, pues ofrece una
mayor establlidad de las paredes laterales.

21.- Finalmente. en el capitulo 8 se proporcionan las especificaciones para el
hincado de los pilotes, incluyendo el criterio de rechazo.
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PLANTA DE NITROGENO CANTAREL

FACTORES DEL POTENCIAL DE LICUACION DEL
ESTRATO ARENOSO SUPERFICIAL

ESCGRIP

Gmnulametria_ : Con"i'o'se presenta en la fig. xx, Iés Clasificacion SUCS
arenas finas y arenas limosas son 8C SP sw
mas susceplibles, especlalmente)

cuando son mal graduadas {SP).

Parmeabilidad La permeabilidad as relativamente r=18x107 cm/seg
baja y el drenaje lento, (Buen drenajs)

Condictones del agualEl estrato que es suscepiible de] Elev. NAF -1.0 m respecio al
del subsuelo estar debajo del nlvet fredtico y nivel de!l terrenc natursl.
salurado,

Densidad Relaliva |D'Appolonia (1970) suglere que | Dn = 40%
llcuacién puede ocurir cuando Dg

< 50% durante !a aceleraclén del

terrenc del orden de 0.19, pero en

arenas con Dp 2 75% la licuacion

es poco probable.

Hunt (1984}
“Geotechnical Englneering Investigation Manual®
McGraw-HIll, pp. 884, FIG, 10
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INSTITUTOMEXICANODELCEMENTOYDELCONCRETO, A.(

Constitucldn Na. 50 Calanls Escanddn Delegacidn Migual Higalgs Méales, D.F, C.P. 11800
Teidfonos 272-4042272-8101272-8204 Fux, 272-8889 Emall: imcyc@muil.intacnst.com.mx

IMCYC

EVALUACION DE PARAMETROS POTENCIALMENTE AGRESIVOS
Ovden de Trabaje No. 171 | Informe Técnico ho. 92198 | Hopa No. 4 de 11

Clientn  INGENIEROS CIVILES ASOCIADOS S. A DEC. V.
Obma 1705 PC PLANTA DE NITROGEND (PEMEX CANTARELL)
DETERMINACION DE CLORUROS, SULFATOS Y pH
Ng. De muestra Cients  MUESTRA T-14 M-1 Tipo de muesira anakizada:  SUELO
No. De musstra IMCYC, Q177

RESULTADOS DEL ANALISIS

Daterminadén de Clorums { CL ) 0.3 %
Detarminacidn de Sulfatos { SO, ) 0.04 %
Datarminacidn dei grado da Alcalinidad { pH ) a2 %
Espscificacion para Sulfatos
GRADQ DE ATAQUE POR SULFATOS CONTENIDOS EN LA MUESTRA PORCENTAJE DE SULFATOS
Insignificants 0.00-0.10
Modersdo 0.10-0.20
Saverg 0.20-200
Muy Savero mds de 2.00

lE.lpaclﬂncibn pars Clorurcs %
TIPQ DE ELEMENTQ CONTENIDO MAXIMO DE IONES DE CLORUROS
Concreto Presforzado 0.06
[ Rek en vich 0,15
Concrelo Reforzado en satviclo ( seco } 1.00
Owas da C R 0.30
Espacificacidn para p.H. we Menora 6.5
Obr X E no fue iidad deal IMCYC. AC.
Los resultadoy son (nk para la H
™.
Referenclas ACI 310, NMXC-348 ¥ ASTM C-114 N
Raoaltz ALB, [ Revisd  ING. DAVID LOPEZ M. Fecha J1 MARZO 1988
—[ Parma CEN-013

Pronmics I repvrducsiin It @ parcisl O8 Msts SOCUmaTIc S 1 sulorrackin sora dal IMCYG AL




INSTITUTOMEXICANO DEL CEMENTO YDELCONCRETO, A.C,

Conititycidn No, 30 Colonia Excandén Dalegacidn Migus| Hidalgs México, DLF.C P, 11800
Taldlonos 272-8042 272-8101 272-8204 Fax. 272-0082 Emali: imcyc@mall.Internat.com.mx

IMCYC

EVALUACION DE PARAMETROS POTENCIALMENTE AGRESIVOS

Orden da Tmbajo No. 171 Jinforme Técnics No. 92182 ; [Hoa No.7 da 11
Chents _ INGENIERGS CMILES ASOGIADOS 8. A DEC. V. ]
Obra 1705 PC PLANTA DE NITROGENO {PEMEX CANTARELL}

DETERMINACION DE CLORUROS, SULFATOS Y pH

Na. De muasta Clenta  MUESTRA PCA-1 M-2 Tipo de muestra analzada:  SUELO
No. Ds muestra IMCYC. Q180

RESULTADOS DEL ANALISIS

Determingddn da Clorurps ( CL7) 4.3 %
Daleminacion de Sutfatns { 50°,) 0.02 %
D inaclon dei grade de Alcalinidad { pH ) 84 %

|Espacificacién para Sultztos
GRADQ DE ATAQUE POR SULFATOS CONTENIDOS EN LA MUESTRA PORCENTAJE DE SULFATOS
Insignificants - 0.00 - 0.10
Mederado 0.10-0.20
Severo . 0.20-2.00
Muy Severo . mis de 200
" [Especificacion parz Cloruros. %
TIPO DE ELEMENTO CONTENIDO MAXIMO CE IONES DE CLORUROS
Conaem Presforzado 0.08
Contrets Ratorzada en 3ervicio 0.15
Caoncretn Reforzado en servic ( 3800 ) 1.00
Otras comstrucdionss de Condreto Redorzado 0.30
Especificacién para p.H. w0 Menora 4.5
Obssrvaciones Bl o0 na fus bifdad del IMCYC. A.C.
Los resultadas son parala ensaypda.
(Y
Roferericlas ACI 318, NMXC-348 ¥ ASTMC-114 _ Y
L ot
EReatzs AlB. ~ [Rovsa  ING., DAVID LOPEZ M. Focha 31 MARZO 1998

Promtids W i Paciel d sw i el MCYE. AC, Form CELDI2




INSTITUTOMEXICANODELCEMENTOYDELCONCRETO,A.C.

IMCYC

Constitucidn Ne, 50 Colonls Escandadn Delegacién Migual Hidalga México, D.F, €.P. 11000
Telélonos 272-B042 212-B101 272-8204 Fax_ 272-068% Emadi:imecyc@mall.internat.com.mx

[ANALISIS DE AGUA

Orden ds Trabajo No,

236

_Jinforme Técnico No. 126/%8

[ Hola Mo, 2 de 4

Cliente

INGENIEROS CIVILES ASOCIADOS 5. A DEC. V.

Oben

No. De muestra Cliente
No. Do muestra IMCYC.

SONDEO $M-1

Q257

RESULTADOS DEL ANALISIS

Praocedencia:

INGENIEROS CIVILES ASOCIADDS 5. A, DEC, V.

Fecha de recepcisn;

30 DE ABRIL DE 1998

Resultados expresados en Especificacitn
my/ (ppm. } { Limites Maximos }
Color AMARILLENTO ——
Otor INODORD —
Aspoaciy TURBIO ——
Sedimanto 10230 PPM. 2000 p.p.m,
pH rr No menor de 6,5
Cloruros (cr) 4012 PPM, 400 p.p.m
Suttatos (807} 233 P,P.M. 3000 pp.m.
Alcatinkiad (C0%) - 800 p.p.m.
Akalinidag [HCD,) 846 P.P.M. ——
Calcio (ca'?) 117 P.PM. —_—
Magnesio (ug"] 287 PPM, 100 p.p.aL
Materta Org#nica 4PPM, 150 p.pam.
{ Chigerio consumide en medic cido §
Grazas y aceites 0P.PM 0 p.pm
Alcaiis totales (Na") 1437 PPM. 300 p.p.m
Otraarvack El muostrea o fue f lidad del ACYC. A.C.
Los son (n parzla s ¥
Reforencias NN C-122 }r 1
Reaks  ALB. [Ravis ING. DAVID LOPEZ M, | Focha 7 MAYO 1054 |

Prohitits i mpmdusion 100 O P G Ssks GOCARTHO Sin i SUlcrizeon ascrds e IACYE AC.

!
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ANEXO 2
PRUEBAS DE LABORATORIO
DEL SUBSUELO
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W= Kcpresentotive somple
S/R= Without somple

ICA

México, D. F.,

CANTAREL NITROGEN PLANT
ANTONIO CARDENAS, CAMPECHE
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L Ground elevation: m LINE km Q4200 Drilling doie: 11 march 1996
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PCA—6

LGround elevation: m LINE km 24320 Drilling dote: 1% march 199§
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ANEXO 3
PROPIEDADES DINAMICAS
DEL SUBSUELO
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ESPECTROS DE RESPUESTA Y DISENO
PLANTA DE NITROGENO PEMEX CANTAREL - CH18

“PERIODO ( seg )

/

FIGURA No. 10




Seismocontrol, S.A. de C. V.

TABLA 1. PROPIEDADES FISICAS DE LOS ESTRATOS DEL SUBSUELO DE LA FUTURA
PLANTA DE NITROGENO EN CANTARELL, CAMP,

DH - 06
Praf. {m) Tipo | Vsimis) | y(T/m%) No. c(T/im’) | FL %)
Golpes
0.00 - 1.00 2 63 2.00 3 -
1.00- 6.00 2 154 2.00 3-12 - 10
6.00- 15.50 1 232 1.65 - 0.30
15.50 - 23.00 1 232 . 1.90 . 0.50
DH-18
Prof. {m) Tipe | Vs(mist | y{Timd) No. c(Tim | Fi%)
Golpes
0.00- 1.00 2 71 2.00 3 - 8
1.00- 5.60 2 154 2.00 3-12 - 10
5.60 - 10.50 1 212 1.65 . 0.30 8
10.50- 17.00 1 300 1.65 . 0.30
17.00 - 24.00 1 396 1.80 - 0.50 10
CH-18
Prof. {(m) Tipe | Vsim/s) | y(T/im? No. e(Tim®) | £F1% )
Golpes
0.00-1.00 2 70 2.00 3 - 8
1.00-5.50 2 137 2.00 3-12 - 10
5.50 - 11.00 1 175 1.65 - 0.30
11.00- 16.50 1 339 1.65 - 0.30 9
16.50 - 24.00 1 418 1.90 - 0.50 10
en donde: Material tipo 1 = Arcillas
Material tipo 2 = Arenas




Seismocontrof, S.A. de C.V,

TABLA 2. MODULOS ELASTICOS DINAMICOS DE LOS ESTRATOS DEL SUBSUELO DE LA
FUTURA PLANTA DE NITROGENO EN CANTARELL, CAMP.

DH - 06
Prof. (m} Vpim/si | Vsimis) | y{Tim? v | G{Kg/em?) E
(Kg/em?
0.00- 1.00 160 63 2.00 | 0.41 81 228
1.00 - 6.00 592 154 200 | 0.46 484 1415
6.00 - 15.50 1227 232 165 | 0.48 905 2682
16.50 - 23.00 1513 232 1.80 | 0.49 1042 3102
DH - 18
Prof. (m) Vp im/s) | Vs (m/s) | y(T/m%) v G (Kgiem?) E
{Kg/cm?)
0.00 - 1.00 224 71 200 | o0.44 103 297
1.00-5.60 801 154 200 | 0.48 484 1432
5.60 - 10.50 1200 212 165 | 0.48 756 2243
10.50 - 17.00 1200 309 1.65 | 0.46 1606 4704
17.00 - 24.00 1513 396 1.80 | 0.46 3037 8888
CH-18
Prof. im) Vpimis} | Vsim/is} | v{ T/m% v G (Kg/em?) E
{Kg/em?)
0.00- 1.00 516 70 2.00 | 0.8 99 298
1.00 - 5.50 843 137 2.00 | 0.49 382 1138
5.50 - 11.00 1102 175 165 |o049| 515 1532
11.00- 16.50 1102 339 1.65 0.45 1933 5597
16.50 - 24.00 1970 418 1.90 | 0.48 3384 9993
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ANEXO 4
NORMAS ASTM

AMERICAN SOCIETY OF TESTING AND MATERIALS




STD.ASTH DUR2-ENGL 193 M 0759530 0b20333 002 "

qﬂm Designation: D 422 - 63 (Reapproved 1998)

AMERCAN BOCIETY FOR TESTING AND MATERALS
100 Bar Haror Dr., Wayt Corghahackan, PA 19428
Raprirnded ¥rom the Anrst Book of ASTM Stancharis. Copyrignt ASTM

Standard Test Method for

Particle-Size Analysis of Soils’

This sandard is istued under the fixed desipeation D 422; the number & di;

indicizs the year of

the
ariginal adoption o, in the case of fevision, the year of last revision. A number in puenthese indicalcs the year of bt rpproval. A
W ripL epailon () indicates am edivarisl change since the fast revision or respproval.

1. Scope

L.1 This test method covers the quantitative determination
of the distribution of pasticle sizes in soils. The disuibution of
particle sizes larger than 75 pm (retained on the No. 200 sieve)
is determined by sieving, while the distribution of particle sizes
smaller than 75 pm is determined by a sedimentation process,
using a hydrometer to secure the necessary data {(Note 1 and
Note 2).

Nere | —Separation may be made on the No. 4 (4.75-mm), No, 40
{425-pm). or No. 200 (75-um} sicve instead of the Ne. 10. For whatever
sieve uged, the xize shafl be indicated in the report.

Note 2—Two types of disp devices mre pr
specd mechanics! stimrer, and (2) air disp Ealemive g
indicate that air-dispersion devices produce 1 more pasitive dispersion of
plastic wils below the 20-4mn size and appreciably less degradation on all
sizes when used with sandy soils. Besnuse of the definite advantages
favoring air disp s use is ded. The results from the two
types of devices differ in magnitude, depending wpon soil rype. leading 10
marked d:fferences in particle size distibution, especlally for sizey finer
than 20 um.

2. Referenced Documents

2.1 ASTM Standards:

D 421 Practice for Dry Prepa of Soil- Samples for
Particle-Size Analysis and Determination of Soil Con-
stants? N . :

Ett SPcciﬁcalion for Wire-Cloth Sieves for Testing Pur-

ided: (1) . high-

poses
E 100 Specification for ASTM Hydrometers*

3. Apparatus

3.1 Balances—A balance sensitive 1o 0.0] g for weighing
the maicrial passing a No. 10 (2.00-mm) sieve, and o balance
scnsitive to 0.} % of the mass of the sample to be woighed for
weighing the material retained on a No. 10 sieve.

3.2 Stirring Apparatus—Either apparatus A or B may be
used,

3.2,1 Apparatus A shall consist of a mechanically operated

' This seit ectived it under the jurisdiction of ASTM Committee D-18 on Soil
and Rock and is the dimet naponsibility of Subcommitics D18.0) om Tealure,
Flasiicity, end Denglty Charscrasistics of Soils.

Cinmert edition spproved Now. 2), 1963, Originally published [935, Replaces
DAz -52.

* Anawal Book of ASTM Ssonderds, Voi 04.08.

* Anwuad Book of ASTM Smndards, Vol 1402

* Anmimt Book of ASTM Stamdands. Vol 14.03.

stirring device in which a suitably mounted electric motor turns
a vertical shaft a1 a speed of not kess than 10 000 rpm without
load. The shafl shall be equipped with a replaceable stiming
paddle made of meal, plastic, or hard rubber, as shown in Fig,
1. The shaft shall be of such length that the stirring paddle will
operate nol less than % in. (19.0 mm) nor more than 1% in.
(38.1 mm) above the bottom of the dispersion cup. A special
dispersion cup conforming to either of the designs shown in
Fig. 2 shall be provided to hold the sampte while it is being
dispersed.

3.2.2 Apparatus B shalil consist of an air-jet dispersion cup?®
{Note 3} conforming to the general detaily shown in Fig, 3
{Note 4 and Note 5),

Nors. 3—The amount of air required by an xir-jrt ditpersion cup is of
the order of 2 fr'/min; some small air coOmpreazors are not capable of
supplying suffichent sir to operate s cup.

Nure 4—Ancther air-qype dispertion device, known at & dispersion
tube, developed by Chu wnd Davidaon st Towa Smte College, has becn
shawn to give resalts equivalent 1o those securtd by the air-jt dispersion
cupt. When it is used, soaking of the sample can be done In the

di i ylinder, (huy eliminating the need for iemferring the
slurry. When the wirdispersion tube it used, it shall be so indicwad in the

[

pl‘:Lm S—Waler may condense in air lines when not in wae. Thiz water
must be remaved, either by usitg & watcr trip oo the alr line, or by
blowing the water out of the line before using any of tha air for ditpertion
pufrszs.

3.3 Hydromeier—An ASTM hydrometer, graduated 10 read
in either specific gravily of the suspension or grams per litre of
suspension, and conforming to the requirements for hydrom-
eters 151H or 152H in Specifications E 100. Dimensions of
both hydrometers are the same, the scale being the only item of
difference.

3.4 Sedimentation Cylinder— A glass cylinder essentially 18
in. (457 mmy) in height and 2V in. {63.5 mm} in diamerer, and
marked for a volume of $000 mL. The inside diameter ghall be
such thai the 1000-mL mark is 36 = 2 om from the bottom on
the inside.

35 Th A ther accurate to [*F (0.5°C).

1.6 Sieves—A serics of sicves, of square-mesh woven-wire
cloth, conforming to the requirements of Specification E 11, A
full set of sieves includes the following (Note 6):

* Detatied working drawiags for this cup ant #vsilsble ot & nominal coct from the
Amencan Society for Teming and Materials, 1916 Race Sc., Philadelphin, A 19107,
Order Adjunct No. 12-404220-00.
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ENﬂ. 18 8W Ga = 0,049"

Chroma Pigle
q_zo; ool

[CH
Mairic Equivelents
n 0.00t 0.049 0.203 " "
mm 0.0% 1.24 518 12.7 19.0

FIG. 1 Detall of Stirring Paddles

3.7 Water Barh or Canstani-Temperature Room—A water
bath or peratufe room for maintaining the soil
] suspension at a consiant temperature during the hydrometer
anal_ym. A satisfactory water tank is an insulaied tank that

the p of at a convenient
constant temperatare at or near 63°F (20"(:) Such a device is
illustrated in Fig. 4. In cascs where the work is performed in a
room at an aulomuucally controfled constant temperature, the
water bath is not necessary.

3.8 Beaker—A beaker of 230-mL capacity.

3.9 Timing Device—A watch or clock with a second hand.

4, Dispersing Agent
4.1 A solution of sodium h h { i
called sodiuin metaphosphate) shall be used in ditilled or
d:mmeuhud water, st the rate of 40 g of sodium
hosphete/litre of solution {Note 7).

Notx 7—Solutions of this sail. |I" acidic, slowly revert or hydmb'zn

action. Soluti y {al legst once a month} or
sdjeted 1o pH of § or 9 by means of sodium carbonse. Botrles contalning
solutions should have the due of preparstion marked on them.

4.2 Al water ysed shall be either distilled or demineralized
water, The waler for a hydrometer test shall be brought to the
temperature that is expected to prevall during the hydrometer
test, For example, if the sedimcntation cylinder is to be placed

iF

btigpind 20 et in the water bath, the distilled or demineralized water to be
1%, (37.5-¢0m) Pig. 40 (428-pm} used shall be brought to the temperzture of the controlled water
1-4n, (28.0-mm) Na. O (230-pm) bath; o, if the sedimentation cylinder is used in & room with
oo lieiain . 200 ) controlled temperature, the water for the test shali be at the
No. 4 {4.75-mm) temperature of the mom. The basic temperawere for the

Nom 6—a st of sieves giving uniform spacing of points for the graph,
#5 required in Secuon 17, may be used if desired. This 21 consists of the
following sleves:

. (F5-mm} No. 16 (1.18-mm}
19-dn. {37, 6mim) No. 30 {800-pm)
% {19.0~mm) Na. 50 {300-tzm)
Vel (9,5-41m) No. 100 {150-pm)
Mo, 4 (4.78-mm) No_ 200 {75-m}
No. 8 {2 38-mm}

hydrometer test is 63°F (20°C). Small variations of tempera-
re do not introduce differences that are of practical signifi-
cance and do not prevent the use of comections denved as
prescyibed.
S. Test Sample

3.1 Prepare the test sample for mechanical analysis as
outlined in Practice D 421. Dusing the preparation procedure

PYRIGHT 2000 American Societry for Testing and Materials
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the sample is divided itto two portions. One portion contains
only particles retained on the No. 10 (2.00-mm} sicve while the
other portion contains only particles passing the No. 50 sieve.
The mass of air-dried soil selected for purpose of iesu, ag
prescribed in Practice D 421, shall be sufficient to yield
quantities for mechanical analyzis as follows:

5.1.1 The size of the portion retained on the No, 10 sieve
shall depend om the maximum size of particle, sccording to the
following schedule:

Nominal Disnater of &
Particies, Mazs of Porlion, g

n jom)

% (%5) 800
% (19.0) 1000
1 (RS54} 2000
14 {381} 00
2 (8.8 4000
3 (8 5000

5.1.2 The size of the portion passing the No. 10 sieve shall
be approximately 115 g for sandy soils and approximarely 65
& for silt and clay soils.

2004

5.2 Provision is made in Section § of Practice DD 421 for
weighing of the air-dry soil sclected for purpose of tests, the
separation of the soil on the No. 10 sieve by dry-sicving and
washing, and the weighing of the washed and dried fraction
reteined on the No. |( sieve. From these two masses the
percentages rlained and passing the No. 10 gieve can be
calculated in sccondance with 12,1,

Nott B—A check ob the mass vahuts and the thoroughness of pulvert-
zation of the clods muy be secured by weighing the portion passing the
Ko. 10 siewe and sdding dns valus Lo the mass of the wathed and
tven-dricd portion retained on the No, 10 sleve.

SIEVE ANALYSIS OF PORTION RETAINED ON NO.
10
{2.00-mm} SIEVE

6. Procedure

6.1 Separate the portion remined on the No. 10 (2.00-mm)
sitve into a series of fractions using the 3-in. (75-mm), 2.in.

«PYRIGH’F 2000 American Society for Testing and Materials
formation Handling Services,




STD.ASTHM DLIZ2~-ENGL 193 EA 0759510 DbL20336 41) HE

T D 422

(50-mm). ¥'A-in. (37.5.-mm), 1-in. (25.0-mm), Y-in. (19.0-
mm), ¥-in. (9.5-mm), No. 4 (4.75-mm), and No. 10 sicves, o
8S many As may be needed depending on the sample, or upon
the specifications for the materjal under test.

6.2 Conduct the sieving operacion by means of a lataral and
vertical motion of the sieve, accompanicd by a jarring action in
arder 1o keep the sample moving continuously over the surface
of the sieve, In no case turn or manipulate fragments in the
samplc through the sicve by hand. Continue sicving until not
more than 1 mass % of the residue on a sicve passes that sieve
during | min of sicving. When mechanical sieving is used, test
the thoroughnest of sieving by using the hand method of
sieving as described above.

63 Determine the mass of each fraction on & balapce
conforming to the requircments of 3.1. At the end of weighing,
the sum of the masses retained on all the sicves used should
equal closely the original mass of the quantity sieved.

HYDROMETER AND SIEVE ANALYSIS OF PORTION
PASSING THE NO. 10 (2.00-mm) SIEVE

7. Determination of Composite Correction for

Hydrometer Reading

7.1 Equations for percentages of £0il remaining in suspen-
sion, as given in 14.3, arc based on the use of distilled ar
demineralized water. A dispersing agent is used in the water,
however, and the specific graviry of the resulting liquid is
sppreciably greatcr than that of distilled or demineralized
water,

7.1.1 Both soil hydrometers are calibrated at 63°F (20°C),
and variations in temperature from this standard temperature
produce inaccuracies in the actual hydrometer readings. The
amount of the inBccuracy incrcases 2s the variation from the
standard tcmperature increases,

7.1.2 Hydromeiers are graduated by the manufacturer to be
read ar the boltom of the meniscus formed by the liquid on the
stem. Since it is not possible 10 secure readings of soil
suspensions at lhe battom of the meniscus, readings must be
taken at the top and a correstion applied.

7.1.3 The net amount of the comections for the three itcms
enumerzted is designaied as the composite comection, and may
be deteriined experimentaily.

7.2 For convenience, s graph or table of composite comec-
tions for a serics of 1* iemperature differences for the mnrge of
expecied test temperstures may be prepared and wsed as
needed, Mexsyremeni of the composite comections may be
made &1 two temperatures §panning the range of expected test
temperatures, and corrections for the intermediate temperatures
calculated mssuming a staight-line relsiionship between the
two observed values.

7 3 P:epm 1000 mL of liquid composed of distilied or

lized water and di ing agent in the same propor-
tion as will prevail in the sad:men.mtlon (hydrometer) test.
Place the liquid in a sedimentation cylinder and the cylinder in
the constant-temperature water bath, set for one of the (wo
temperatures io be used. When the temperature of the liquid
becomes constant, insert the hydrometer, and, after a short
interval to permit the hydrometer to come to the temperature of
the liquid, read the hydrometer 2t the top of the meniscus

2000

formed on the stem. For hydrometer 151H the composite
correction i8 the difference between this reading and one; for
hydrometer 152H it is the difference between the reading and
zero. Bring the liquid and the hydrometer to the other tempera-
ture to be used, and secure the composile correction as before,

8. Hygroscopie Moisture

8.1 When the sample is weighed for the hydrometer tess,
weigh cut an auxiliary portion of from 10 1o 15 g in a small
metal or glass container, dry the sample 10 & constant mass in
an oven at 230 = 9*F (110 = 5°C), and weigh again. Record
the masses.

9. Dispersion of Sofl Sample

9.1 When the soil is mostly of the clay end silt sizes, weigh
out a sample of air-dry soil of approximately 50 g. Whea the
soil is mostly sand the sample should be approximately 100 g.

9.2 Place the sample in the 250-mL beaker and cover with
125 mL of sodium hexameiaphasphate solution (40 g/L). Sdr
unti the soll is thoraughly wetted. Allow 1o saak for ar least 16
h.

9.3 At the end of the soaking period, disperse the sample
further. using either stimring apparatus A oc B. If stirring
epparatus A is used, transfer the soil-water shary from the
beaker into the special dispersion cup shown in Fig. 2, washing
any residue from the beaker into the cup with distilled or
demineralized water {Note 9). Add distiled or demineralized
water, if nccessary, 80 that the cup is more than half full. Stir
for a period of 1 min.

Novi $ci large size syringe is a convenient device for handling the
water in the washing operation, Other devices include the wash-warer
botile and a hose with nozzle connected 1o 8 pressurized distilied water
tank,

9.4 if stiming apparawes B (Fig. 3) is used, remove the cover
cap and connect the cup 10 a compressed air supply by means
of & rubber hose. A air gage must be on the line between the
cup and the contro] valve, Open the contra) valve 50 that the
g2ge indicates 1 psi (7 kPa) pressure (Note 10). Transfer the
soil-water slurry from the beaker to the nir-jet dispersion cup
by wnshmg with distilled or deminerslized water. Add distilled

i lized water, if Y, 50 that the tota] volume in
the cup is 250 mL., but no more,

Nom 10=The initial air pressure of | pai Is required o prevent the

soil-witer mixture from entering the mir-jet chamber when the mixture is
uansterred (o the dixpersion cup.

9.5 Place the cover cap on the cup and open the air control
vatve until the gage pressure is 20 psi (140 kPa). Disperss the
soil according 1o the following schedule:

Prasticty Index WW
Unce 5 5
6 20 L]
Over 20 15
Sails tng large percentages of mica need be dispersed

Tor only | min, After the dispersion period, reduce the gage
pressure 1o | psi preparstory to transfer of soil-water slurry 1o
the sedimeniation cylinder,

JPYRIGHT 2000 American Society for Testing and Materials
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10. Hydrometer Test

10.t Immedisely alter dispersion, trgnsfer the soil-water
slurry to the glass sedimentation cylinder, end add distilled or
demincralized water until the total volume is 1000 mL.

10.2 Using the palm of the hand over the open end of the
cylinder {or a rubber stopper in the apen ead), tum the cylinder
upside down and back for a period of 1 min to complete the
agitation of the shurry (Note §1). AL the end of 1 min set the
cylinder in a convenient location and take hydrometer readings
&l the following intervals of time (measured from the beginning
of sedimentation), or &s many as may be reeded, depending on
the sample or the specification for the material under test: 2, 5,
15, 30, 60, 250, and 1440 min. If the controlled water bath is
used, the sedimentation cylinder should be placed in the bath
between the 2- and $-min readings.

Norz 11—The number of tuma during this minute should b spproxi-
matcly 60, counting the tuen upaide down aad back a3 two turns. Any soil
temaining in the bortom of the cylinder during the first fow fumt should
be loasened by vigoroas shaking of the cylinder while it is in the invensd
position.

103 When it is desired to take a hydrometer reading,
carefully inscrt the hydromeswer sbowt 20 10 25 2 before the
reading is due to spproximaiely the depth it will have when the
reading is taken. As soon as the reading is taken, carcfully
remove Lhe hydrometer and place it with a spinning motion in
& graduate of clean distilled or demineralized water,

Nore 12— is important 160 remove the hydrometer Iy after

12.3 To determine the total percentage passing for each
sieve, divide the total mass passing (see 12.2) by the total mass
of sample and multipty the result by 100.

13. Hygroscopic Moistare Correction Factor

13.1 The hydroscopic moisture comection factor is the ratio
between the mass of the gven-dried sample and the airdry
mass before drying. It is 2 number less than one, excepl when
there is no hygroscopic moisiure.

14. Per of Soil in Suspenst

14,1 Calcwlate the oven-dry mass of soil used in the
hydrometer analysis by multiplying the sir-dry mass by the
hygrascopic moisture cornection factor.

14,2 Calculate the mass of a total sample represcnted by the
mass of soil used in the hydrometer test, by dividing the
oven-dry mass used by the percentage passing the No. t0
{2.00-mrm) sieve, and multiplying the result by 100. This value
is the weight W in the equation for percentage remaining in
suspension.

14.3 The percentage of soil remaining in suspension at the
level al which the hydrometer is measuring the density of the
suspension may be calculated as follows (Note (3): For
hydrometer 1S1H:

P o= ((100 000/W) X GHG ~ GXR =~ C)) n

Nome 13—The bracketed portion of the equation for hydromerer 151H
i constant for # scrica of readings and may be calculzied first and then

cach reading. Resdings shall be 1aken at the wop of the meniscus formed
by the suspension around the stem, since il {8 not possible o secure
readings 3t the bottom of the meniscus.

10.4 Afer each reading, take the temperature of the suspen-

sion by i ing the into the susp 1.
11. Sieve Analysis

11.1 After taking the final hydrometer reading, transfer the
suspension 1o a No. 200 (73-um) sieve and wash with tap water
until the wash water is clear. Transfer the material on the No.
200 sieve 10 a suitable container, dry in an oven at 230 = 9°F
(110 = 5°C) and make a sieve analysis of the portion retained,
using as many sieves as desired, or required for the material, or
upon the specification of the material under test,

CALCULATIONS AND REPORT

12. Sleve Analysis Values for the Portlon Coarser than
the No. 10 (1.00-mm) Steve

12.1 Calculnte the percentage passing the No. 10 sieve by
dividing the mass passing the No, 10 sieve by the mass of soil
originally split on the No. 10 sieve, and multiplying the result
by 100. To obtain the mass passing the No. 10 sieve, subtract
the mass retained on the No. 10 sieve from the original miss.

122 To securc the total mass of soll passing the No. 4
(4.75-mm} sieve, add to the mass of the material passing the
MNo. 10 sieve the mass of ihe fraction passing the No, 4 sieve
end retained on the No. 10 sieve. To secure the total mass of
soil passing the Ya-in. (9.5-mm) sitve, 2dd to the wotal mass of
sail passing the No. 4 sicve, the mass of the fraction passing the
M-in. sieve and retained on the No. 4 sieve. For the remaining

Itiplied by the portion in the parentheses.
For hydrometer 152H;
P = (Ra/W} X 100 [e3)
where:

a = correction faction to be applied to the reading of
hydrometer 152H. (Values shown on the scale are
computed using a specific gravity of 2.65. Correction
{actons are given in Tablc 1),

P =p ge of soll remaining in suspension at the level
at which the hydrometer measures the density of the
suspension,

= hydrometer roading wilh composite correction

applied (Section ),

W = oven-dry mass of soil in a total test sample
represented by mass of soil dispersed (see 14.2), g,

G = gpecific gravity of the toil parcles, and

G, = specific gravity of the liquid in which soll particles
are suspended. Use numerical value of one in both
instances in the cquaion, ln the fimt instance any
possible variation produces no significant effect, and
inthe d i the posi ion for R
is based on a value of onc for ).

15. Dlataeter of Sofl Particles

15.1 The diasmetcr of a panicle comesponding to the
percentage indicated by a given hydrometer reading shall be
calculated acconding to Siokes” law {Note 14), on the basis that
8 particle of this diameter was at the surface of the suspension
at the beginning of sedimeniation and had sentled (o the level at
which the hydrometer is measoring the density of the
According to Stokes' law: see Table 2

sieves, continue the caleulations in the same

2040

P
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TABLE 1 Values of Correction Factor, a, lor Different Specific

TABLE 2 Vilues of Effective Depth Based on Hydmmctwr and
Sizas

Gravilies of Soil Particles* Sedimentation Cylinder of Spacitied
Spectic Grinty Correction Factort Fycromets 151H Hydromeiar 1524
208 0.94 Actel Actual Actual  Efisctive
Effuctive Gillective
290 D85 Hydrometer ¥ Oapth, L
285 098 Peadng DRI Lom g DL LOM g om
280 097
1,000 16.3 a wa n 1.2
pyis pes 1001 160 1 181 a2 1
265 100 1.002 158 2 180 <} 108
260 o 1.001 155 3 154 - 0.7
258 ey 1004 =2 4 184 a5 108
250 163 1.005 15.0 s 155
248 108 1.008 "7 ¢ 153 36 04
- 1007 144 T 082 ar w02
“For usa in KusTion for partentaga Of SO0 FRTIINING In suspordion when using 1.008 142 B 15.0 3 10.1
Hydromaer 152H. 1,009 139 3 148 a8 20
1.0t0 17 10 147 40 2.7
1011 134 1" us 4 [T ]
1612 1. 12 143 42 0.4
D~ /G ~ G R 177 & 1013 129 13 uz 43 2
1014 126 14 140 a4 9.1
where: 1,015 123 15 128 as g
D = diameter of particle, mm, 1018 121 . 177 «8 88
n = coefficient of viscosity of the suspending medium (in :::: ::; :; :gg :; ::
this case water) in poises (vanies with changes in 1019 1.a % a2 s Py
temperzture of the suspending medium), 1020 na 20 139 50 X ]
L = disznce from the surface of the suspension (o the :g ::-; g :Zz: :; ;::
level at which the density of the suspension is being e wz 2 s ol 78
measured, c¢m. (For a given hydrometwer and 1024 10.0 24 124 54 14
scdlmenunun cylinder, velues vary according to the :ﬁ: :: : }§§ :: ;f
" di ) .
byd ! gs- This is known as 1027 92 I ne 57 7
effective depth (see Table 2)), 1.028 ae 28 "z 58 s
= jnterval of time from beginning of sedimentation to '-3 :: 28 "-: : bt
the taking of the reading, min, :lom o E ] . &5
G = specific gravity of soil particles, and 1002 1.6
G; = specific gravily (relative density) of suspending 1033 78
medium (value may be used a3 1,000 for afl practics) :g ;i
purposes). 1.030 '
' . . . 1.097 (X3
Nom |48 Stokes” law the velocily of & single 1038 a2
sphere falllng [n an infinity of Ikquid, the sizes calculated the
dismeter of spheres that would fall # the tarme rate 45 the aoil partoies, Values of dfectve depih ey ”z""m"‘_“:l‘,';'“n tore -
15.2 For convenience in calculations the sbove equation
- wihare:
may be writen as follows: see Table 3 L = efecive doodh, om,
L -

o= X/ “

mmmmammmmwamun
reacing. cm,

T mark for & hydrometer
Ly = overall iih of the Hydmmets Boti, om.
where: . Ve = woluma of hydrometer bult, cm®, and
K = constant depending on the temperature of the A » crosseactional sres of sudimentaton cylnosr, cm®
suspension and the specific gravity of the il
particles, Values of X for & aAGE Of ICMPETRUTES 00 o woes rerranton o o vy | 2 ™ 84 lofowe:
specific gravities are given in Tebie 1, The value of & le = 140em
docs not change for n series of readings constituling & o = 870cm*

test, while values of L and T do vary.

15.3 Values of D may be computed with rufficient accuracy,
using an ordinary t0-in. slide rule.

Nots 15—The value Of L is divided by T uting the A~ and B-acales, the
squire roo! being indlcated on the D-scale. Without &iccriaining the value
of ihe square rool it may be multiplied by X, using eclther the C- or
Cl-scale.

16, Steve Analysis Values for Portion Finer than No. 10
{2.00-mmn} Sieve

16,1 Caiculation of percentages passing the various sicves
used in sieving the portion of the sample from the hydrometer

A = 7Bom”

For hydrometer 161H:

L, = 10.5cm for s nepcing of 1.000
& 23 cm kv s rescng of 1.091

Foi hyckomadee 152H:

Ly, = 10.3 cmior a mading of 0 gtre
= 23 cmlor a madyg of 50 pAlte

test involves scveral steps. The first step is to calculaze the mass
of the fraction that would have been retained on the No. 10
sieve had it not been removed. This mass is equal to the tal
percentage retained on the No. 10 sieve (100 minus tow!

IPYRIGHT 2000 American Society for Testing and Materials
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TABLE 3 Vatues of K for Use in Equation for Computing DL of Particie In Hydrometar Analysis
0 Spactic Gravity ol 5ol Paricies

c 2.45 250 255 2.80 285 @m0 213 280 2.5
18 0.01510 0.01505 0.01481 001457 001435 001454 001394 201374 0.01354
17 o151 001488 0.014862 0.01439 0.0107 0.01306 QO1NTE 001258 0.01338
n 001452 0.01467 0.01443 0.01421 0.01300 001378 001359 001338 0.01321
19 001474 0.0144§ Q01425 0.0140 091382 001361 0.01342 01323 001305
20 001455 00141 0.01408 0.01388 Q01388 01344 001325 001307 0.01289
21 C.01438 o0t 4 001381 0.0136¢ 0.01348 4.01328 201309 0.05291 201273
22 0.01421 0.01397 0.01374 4.01353 0.01332 Q.018%2 Q01204 0.01278 0.01253
2 D.01404 041381 001358 o.91337 0.01317 O.0T¥a7 001378 fgizsil 0.01243
4 0.01383 Q01365 0.01342 0.01321 0.0t301 0.01282 0.01204 091248 0.01229
25 0.01372 0.01349 a.01327 0.01300 Q.0t286 001267 wo1ga 001232 001215
% Q01357 001334 0.01312 001293 0.0:1272 0.01253 401238 ao1218 0.01201
7 0.01342 041319 0.01297 0.01277 D.01258 001238 0.01221 001204 0.01188
28 0.01327 £.01304 0.01283 0.01264 D.01244 0.01235 0.01208 01y oo1175
= n.e1N2 0.01290 0.01269 001240 0.01230 o011z a.nt1es aonzs 0.01182
0 0.01298 0.01276 0.01256 0.01236 Q.07 041199 0.01182 001185

percentage passing) times the mass of the total sample
represented by the mass of soil used (as calculated in 14.2), and
the result divided by 100

16.2 Calculate next the total mass passing the No. 200 sieve.
Add together the fractional masses retained on all the sieves,
including the No. 10 sieve, and subtract this sum from the mass
of the twxal sample (as caleulated in 14.2).

16,3 Cadeulate next the total masses passing each of the
other sicves, in & manner similar to that given in 12.2,

16,4 Calculate last the 1otal perecntages passing by dividing
the tota) mass passing {as calculated in 16.3) by the toral mass
of sample {as calculaicd in 14.2), and multiply the result by
£O0.

17. Graph

17.1 When the hydromeler analysis is performed, a graph of
the test results shall be made, ploning the diameters of the
paticles on a logarithmic scalc as the abscissa and the
percentages smaller than the comesponding diameters to an
arithmetic scale as the ordinate. When the hydrometer analysis
is not made on & portion of the soil, the preparation of the graph
is optional, since values may be secured directly from tabulated
data.

18. Report

18.1 The report shall include the following:

18.1.1 Maximum gizc of particles,

18.1.2 Percentage passing (or retained on) each sieve, which
may be tabulated or presenied by plotting on a graph (Note 16),

18.13 Description of sand and gravel particles:

18.1.3.1 Shape—rounded or angular,

18.1.3.2 Hard hard and durable, sofl, or weathered
and friable,

18.1 4 Specific gravity, if unusuafly high or liow.

18.1.5 Any difficulty in dispersing the fraction passing the
No. 10 {2.00-mm) si¢cve, indicating any change in type and
amaint of dispersing agent, and

18.1.6 The dispersion device used and the length of the
dispersion period.

Nore |6—This of graph the dation of the
sampie tesied. If partiches larger than thowe contained In the sample were
removed before testing, the repont shall so state giving the amount and
maximum slze.

2000
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182 For materials tested for compliance with definitc
sperifications, the fractions called for in such specifications
shall be roported, The fractions smaller than the No. 10 sieve
shall be read from the graph.

18.3 Por materials for which compliance with definite
specifications s not indicated and when the soil is composed
almost entirely of particles passing the No, 4 (4,75-mm)} sieve,
the results read from the graph may be reported as follows:
() Gravel, paszing 3-in. pnd réteined on Na. 4 sleve
{2) Sand, paasing No. 4 sieve and retained on No. 200 sleve

(8} Coarss Band. paasing Mo, 4 sieve and retained on No. 10 siove

(4 Medium S8nd, phising NO. 10 slive mnd MeEned on No, 40 seve

{c) Fine sand. paiting No. 40 slv and mtained on Na. 200 Hew
(3 50 piza, 0.074 15 0.005 mm

(4) Ciay eize, smaker Fun 0.005 mm
Collokls_ smaliar than 0.001 mm

184 For materials for which compliance with definite
specificutions 5 not indicated and when the soil containg
material retained on the No. 4 sieve sufficient to require a sieve
analysis on thal partion, the results may be repocied as follows
(Note 1T}

BIEVE ANALYSIS

Sieve Size

HYDROMETER ANALYSIS

D.074 mm
005 mm
©.007 mm

Note 17—No. 8 (236-mm) end No, 5¢ (300-pm) sieves may be
substitzeed (or No. 1G and No. 40 sieves.

19, Keywords

19.{ grain-size; hydrometcr analysis: hygroscopic moisture;
particle-size; sieve analysis
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This stindard is issued under the fined desipnation D 2216: the aumbe immedi i\l
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L Scope *

1.1 This test method covars the laboratory determination of
the waler (moisture) content by mass of soil, rock, and similar
materials where the reduction in masg by drying is due to Joss
of water except as pored in 1.4, 1.5, and 1.7. For simplicity, the
ward “material” hereinafter also refers 1o cither soil or rock,
whichever is most applicable.

1.2 Some disciplines, such 85 soil science, need to deter-
min¢ waler ¢content on the basis of volume. Such determina-
tions are beyond the scope of this test method,

1.3 The water content of a material s defined in 3.2.1.

1.4 The term “solid material™ as used in gootechnical
cngincering is lypically assumed to mean nawrally occuwring
mineral particles of roil and rock that are not readily soluble in
water. Therefore, the water content of materials conwsining
extrancous matter (such as cement. and the like) may require
special treatment or a qualified definition of water content, Tn
addition, some organi¢ materials may be decomposed by oven
drying at the standard drying temperature for this method
(110°C). Mpserials containing gypurn (Calcivm sulfte dihy-
drate or other compounds having significamt amounts of
hydrated waler) may present a special problem as this macerial
slowly dehydraies at the standard drying wemperature (110°C)
and mt very low relative humidities, fi a
{calcium sulfate hemlhydrate) which is is nog normully pmsent in
natural materials except in some desert soils. In order to reduce
the degree of dehydration of gypsum in thase rnaterials
containing gypsum, or to reduce decomposition in highly
ofganic soils, it may be desirable to dry these materials at 50°C
or in o desiccator ar room temperature. Thus, when a drying
tempersture it used which is different from the standard drying
emperature as defined by this test method, the resulting water
content may bc different from standard water content deter-
mined ar (he standard drying tempemture,

Nome j=Test Methods D 2974 provides an aliemale procedure for
determining water content of peat materialy,

1.5 Marerials containing waler with substantial amounts of
soluble solids (such as salt in the case of marine scdiments)

 This sem method is uidor the Jurisdicrion of ASTM Comwmiues - 13 on Soil
#nd Rock snd is the dinoct responsibility of Subcornmitios DI3.03 on Teature,
Plaaticiry and Denslty Characseristics nf Soils,

Curren edition appevved Feb. 10, [99R, Publiched Juncary 1999, Originatly
published as D 2216 - 63 T. Lau provious editioa D 2216 - 92,

when tested by this method will give a mass of solids which
ineludes the previously soluble solids. These materials require
special treaument 1o remove or accounl for the presence of
precipitated solids in the dry mass of the specimen, or a
qualified definition of waler content must be used. For ex-
ample, see Noorany? regarding information on marine soils,

1.6 This test mcthod fequires scveral hours for proper
drying of the water content specimen. Test Method D 4643
pravides for drying of the test specimen in 2 microwave oven
which is a shorter process. Also see Gilbert for details on the
background of this test method.

.7 This standard requires the drying of matcrial in an oven
ut high temperstures. If the material being dried is contami-
nated with certain chemicals, health and safety hazards can
exist. Therefore, this standard should not be used in determin.
ing the water conient of contaminated soils unless adequate
health and safety precautions are taken.

t.8 This srandard does nor purport 1o address all of the
safety concerns, if any, arsocialed with its use. It is the
responsibitity of the user of this standard to extablish appro-
priare sqfety and health practices and determine the applice-
bility of regulaiory limitarions prior o use.

2. Referenced Documetits

2.1 ASTM Standards:

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids*

D 2974 Test Methods for Moisture, Ash, and Organic Mai-
ter of Peat and Other Organic Soils*

D 4220 Practice for Preserving and Transporting Soil
Samples*

D 43)8 Test Method for Liquid Limit, Plastic Limit, and
Piasticity Index of Soils*

D 4643 Test Method for Detcrmingtion of Water (Moisture)
Content of Soil by the Microwave Oven Method*

D 4753 Specification for Evaluating, Selecting, and Speci-
fying Balances and Scales for Use th Soil and Rock
Testing*

?ppursay. [, “Phise Relstioms in Marime Soik™, Jounsl of Geotechnical
EA!WHLASCEW 110, Mu. 4, April 1984, pp. 339343,

Gilbert, P.A., “Covnpuicr Controlied Mixfownve Oven System far Rapid Water
Contem Determsination™, Tech. Report GL-¥8-21. Depariment of the Army. Water-
ways Fapefiment Scation, Coupw of Engincers, Vickxhurg, M5, November 1983

“ Ammwal Book of ASTM Srandends, Vol 04.08,

*A Sumimary of Changes section appears of the end of this standard,
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D 6026 Guide for Using Significant Digits in Calculating
and Reponting Geotechnical Test Data®

E 145 Specification for Gravity-Convection And Forced-
Ventilation Ovens®

3. Terminology

3.t Refer w Terminology D 653 for standard definitions of
terms.

3.2 Definitions of Terms Specific to Thiy Standard:

3.2.1 water content {nf a materiglj=the ratio expressed as a
percent of the mass of “pore™ or “free” water in a given mass
of material to the mass of the solid material, A standard
temperature of 110° = 5°C is used 1o determine these masscs.

4, Summary of Test Method

4.1 A tesl specimen is dried in an oven at a temperalure of
10 = 5°C 10 a constant mass. The loss of mass due to drying
is considered 1o be watcr, The water content is calculated using
the mass of walcr and the mass of the dry specimen.

5. Significance and Use

5.1 For many materials, the water content is one of the most
significant index properties used in establishing a correlation
between soil behavior and its index properties.

5.2 The water content of a material is used in expressing the
phasc relationships of air, water, and solids in a given volume
of material.

5.3 In fine.grained (cohesive) soils, the consistency of a
given soil type depends on s water conienl. The waler content
of & soil, along with its liquid and plastic limits as determined
by Test Method D 4318, is used 1o express its relative consis-
tency or liquidity index.

6. Apparatus

6.1 Drying Oven, lhcnmslmcully-conuullcd. pmferably of
the forced-dreft type, 3 the req of Sp -
tion E 145 and capable of mmn(ammg & unifort lemperature
of 110 % 5°C throughou! the drying chamber.

6.2 Balances—All balances must meet the tents of

Nove 2—The purpose of closc-fitting lids is 1o prevent bost of encisture
from spectmens before initial mass determination and lo prevent absorp-
tion of moizture from the atmosphere Tollowing drying and before fAnal
mas deternination,

6.4 Desiccator—A desiccator cabinet of large desiceator jar
of suitable size containing silica gel or anhydrous calcium
sulfate. It is preferable to use a desiceant which changes color
o indi it needs i See 105,

Nove 3—Anhydrous calcium sulfaic is sold wnder the rade mame
Driexi

6.5 Container Handling Apparatus, gloves, tongs, or suil-
nble holder for moving and handling hot containers after
drying.

6.6 Miscellaneous, knives, spatulas, scoops. quartering
cloth, sample splitters, ctc, as required.

7. Samples

7.1 Samples shall be prescrved and transporied in accor-
dance with Practice 4220 Groups B, C, or D soils. Keep the
samples that are stored prior to testing in noncomrodible airtight
cohtaincrs at a lemperaturne between approximately 3 and 30°C
and in an arca that prevents direct contacl with sun]nght
Disturbed samples in jars or otm oonmnerx shall be stored in
such a way a3 o prevent or mi ion on
the insides of the coatainers,

7.2 The water content determination should be dune as s00n
s practicable afier sampling, especially if f jally corrod-
ible containers (such as thin- walled steel tubes, paint uns. ezc.)
or plastic sample bags are uscd.

8. Test Specimen

8.1 For water contents being determincd in conjunction with
another ASTM method, the specimen mass requirement stated
in that method thall be used if ooe is provided. If no minimum
#pecimen mass is provided in that method then the values given
below shall apply. See Howard” for background data for the
values listed.

8.2 The minimum mass of moist material sclectied to be
ive of the total sample shall be in sccordance with

Speeification D 4753 and this seclion. A Class GP1 batance of
0.01g readability is required for spectmens having a mass of up
10 200 g {cxcluding mass of specimen container) and a Class
GP? balance of 0.1 readability is d for

having a mass over 200 g. However, the balance use{i may be

controlled by the ber of significant digits needed (see 8.2,4
and 12.1.2).

6.3 Specimen Containers—Suitable s made of ma-
tesinl resi: to and chang mmlnuponrepuled

heating, cooling, exposure to materialy of varymg pH, and
cleaning, Unless o d is used, with close-
fitting lids shall be used for testing specimens having a mass of
less than about 200 g: while for specimens having a mass
greater than about 200 g, containers without lids may be used
(see Note 7). One container is needed for each water content
determination.

* Annual Back of ASTM Standurdy, Vot 04.08,
* Antnl Box of ASTM Stemdands. Yot 1442,

2000

lhe following:

minkmum wuse of  minkoum mass of
Mirmom PRi®  Suncemt Sieve ol Inet pes Mol teet 1900
) Size e JOr Wi Iman for water
coned content reporned
©201% Bi%

2 mm or less Ha 10 209 20g"
AT5 mm No. 4 g gt
.5 mm win, s0g [2Y)
1.0 mm ¥in, 28 kg 09
7.5 rmvn 1% in W kg kg
750 mm Hn 83 gy 1]

“To be representative N0 less #in 20 g shall be uasd.

8.2.1 The minimum mass used may have to be incressed 1o
obtain the necded significant digits for the mass of water when
reporting watsr Contenis to the nearest 0.1 % or as indicated in
12.1.2.

? Howard. A, K., “Minimum Tew Speclmen M for Moistwe Contere Deters
shination”, Grosechaiced Tessiag Journal. AS.TM., Yol. 12, No. |, March 1439, m
3944,
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8.3 Using a test specimen smaller than the minimum indi-
cated in 8.2 requires discretion, though it may be adequate for
the purposes of the test, Any specimen used not mecting these
requirements shall be noted on the test data forms or test data
sheets,

8.4 When working with a small (less than 200g) specimen
containing a rclatively large gravel particle, it is appropriate
not to include this particle in the test specimen. However, any
discarded material shall be described and noted on the test data
forms or test data sheets,

8.5 For thosc sampies consisting entirely of intact rock, the
mimimum specimen mass shall be 300 g Representative
portions of the sample may be broken inlo smaller paricles,
depending on the sample's size, the container and balance
being used and to facilitate drying to constant mass, see 10.4.
Specimen sizes as small s 200 g may be tested if watcr
contents of onfy tweo significant digits are acceprable.

9, Test Specimen Selection

9.1 When the test specimen is 4 portion of & larger amount
of material, the specimen must be selected to be representative
of the water condition of the entire amount of material, The
manner in which the test speci is selected depends on the
purpese and application of the test, type of material being
tested, the waler condition, and the iype of sampic (from
another test, bag, block, and the likes.)

9.2 For disturbed samples such as trimmings, bag samples,
and the like, obtain the test specimen by one of the following
methods (listed in onder of prefercnce):

9.2} If the material is such that it can be manipulated and
handled without significant moisture loss and scgregation, the
metzrial should be mixed thoroughly and then select a repre-
sentative portion using a scoop of & size that no more than a
few scoopfuls are required 1o oblain the proper size of
specimen defined in 8.2,

9.22 If the material is such that it cannol be thoroughly
mixed or mixed and sampied by a scoop, form a stockpile of
the materigl, rixing as much as possible. Take 21 leatt five
portions of material &1 random locations using a sampling wbe,
shavel, scoop. trowel, or similar device approprizie to the
maximum particle size present in the material. Combine all the
portions for the test specimen,

9.2.3 If the materinl or conditions are such that a stockpile
cannot be formed, take as many portions of the material as
practical, using random locations that will best represent the
moisture condition. Combine all the portions for the test
specimen.

9.3 Intact samples such s block, tebe, split barrel, and the
like, obtain the test specimen by one of the following methods
depending on the purpose and potential use of the sample.

9.3.1 Using a knife, wire saw, or other sharp cutting device,
trim the outside portion of the sample & sufficient distance to
sec if the material is layered and to material that
appears more dry of more wet than the main portion of the
sample. If the existence of layering is questionable, slice the
szmple in hall. Il the material is layered, see 9.3.3,

93.2 If the material is not layered, obtain the specimen

ing the mass requi s in 8.2 by: (1) taking all or
one-half of the interval being tested; (2} trimming a represen-

tative slice from the interval being tested; or {3) trimming the
exposed surface of onc-half or from the interval being tested,

Nare 4—Migration of moi in sorme
that the full section be sampied.

9.3.3 If a layered material (or more than one marerial ype is
encountered), select an average specimen, or individual speci-
mens, or both. Specimens must be properly identified as to
location, or what they represent, and appropriate remarks
entered on the Lest data forms or test data sheets,

10, Procedure

10.1 Determine and recoed the mass of the clean and dry
specimen container (and its lid, if used),

10.2 Select ive test
Section 9.

10.3 Piace the moist test specimen in the container and, if
used, set the lid securely in position. Determine the mass of the
containzr and moist material using a balance (see 6.2) selected
on the basis of the specimen mass. Record this value.

hesi 0ils may requine

in zccordance with

P

Note 3—To prevens miving of ipecimens end yielding of incomect

results, all contziners, wnd lids If used, should be numbered and the

i bery shall be on the lab ry dats shocia. The Iid
Atmbers ghould match the 1o elimi fusion.

Nore S—Thlnininuzm-dfyiudh:pmttpadmd!y
should be placed |n contalners having & arge sumfaca nres (zuch as Pans)
and Lhe material broken up into smaller aggregations,

19.4 Remove the lid (if used) and place the container with
moist material in the drying oven. Dry the materisl w a
€Onstant mass. Maintain the drying oves at 110 = 5°C unless
otherwise specified (see 1.4). The time required to obtajn
constant mass will vary depending on the type of material, size
of apecimen, oven type and capacity, and other feetors. The
influence of these factors generally can be established by good
judgment, and expericnce with the materils being tested and
the apparatus being used.

Note T—In most cases, drying a test specimen ovemight (ubout 12 o
16 h) iz sufficien. In cuses where there is doutn concemming the sdequacy
of drying. drying should be continued umil the change in mass after (wo
succestive periods (greater than € h) of drying is an insignificant amount
fless tham about ©.4 ). Specimens of sand may sficn be dried 10 constant
mass in a period of ghout 4 h. when u forcsd-draft aven is used.

Nate R—Since some dry matcrials may absorb meoisture from moist
specimens, dricd specimens thould be emoved before placing moks
pecimens in the iame oven. However, this would not be applicable if the
previously dricd specimens will rcmain in the drying oven for an
sdditional time period of about 16 h,

10.5 Aficr the material has dried 10 constant mass remove
the container from the oven {and replace the id if used). Allow
the material and container (o cool 1 room tempenture or until
the container can be handled comfortably with bare hands and
the operation of the balance will not be affected by convection
currents and/of its being heated, Detcrmine the mass of the
container and oven-dried material using the same typefeapacity
balance used in 10.3. Record 1his vatue. Tight fitting tids shall
bc used if it appears that the specimen is sbsorbing moisture
from the: air prior to determination of its dry mass.

Nove $—Cooling in & desicestor is accepoable in place of light fining
bids since in greaily reduces sbsorption of moisrie from rhe at
during cooling especially for containers withit tght Hliing lids,

)PYRIGHT 2000 American Society For Testing & Materials
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11. Celculation
i1.] Calcutate the water content of the material as follows:

M,
w =M, ~ M M, ~MI}XI00= F ®x 100 113}

where;
w = water cantent, %,

M, = mass of contsiner and wet specimen, g,

M = mass of conlainer and oven dry specimen, g,
M =

M, =

M

mass of container, g,
mass of watee (M = M, —M_.), g and
mass of solid particles (M, = M, - M), g

B

12, Report

12.1 Test data forms or test data sheets shall include the
following:

12.1.1 Identification of the sample (material) being tested,
such as boring number, samplc number, test number, container
number cic.

12,1.2 Water content of the specimen to the nearest | % or
0.1 %, as appropriate based on the minimum tample used. If
this method is used in concert with znother method, the water
content of the specimen should be reported to the value
required by the test method for which the water content is
being determined. Refer to Guide D 6026 for guidance con-
ceming significant digits, especially if the value obuained from
this test method is (0 be used 1o calculate other relationships
such a3 unit weight or deasity. For instance, if it is desired 1o
crpress dry unit weight to the nearest 0,1 1bf{(0.02 kN/m™), it
may be necessary to usc a balance with a greater readability or
use a larger specimen mas¢ 1o oblain the required significant
digits the mass of waler 30 that the wawer content can be
determined to the required significant digits. Also, the signifi-
cant digits in Guide D 6026 may need 10 be Ineércased when
caiculaling phase relationships requiring four significant digirs,

§2.13 Indicate if tent specimen had a mass less than the
minimum indicated in 8.2.

12.1.4 Indicate if test specimen comained more than one
matenial type (layered, etc.).

12.1.5 Indicate the temperature of drying if different from
110 * 5°C,

12.1.6 Indicate if any material (size and amount) was
excluded from the test specimen.

12.2 When reporting water content in tables, figures, etc.,
any data not ing the requir of this test method shall
be noted, such as not mecting the mass, balance, or temperature
requisements or a portion of the material is excluded from the
test specimen.

13, Precision and Bias

13.1 Statement on Bias—There is no accepled reference
value for this test method; therefore, bias cannot be deter-
mined.

13.2 Statements on Precision:

1321 Single-Operaror Precision (Repeatabiling)—The
single-operator coeficient of variation has been found to be 2.7
percent. Therefore, results of two properly conducted tests by
the same operator with the same equipment should not be
consldered suspect unless they differ by more than 7.8 percent
of their mean.®

13.2.2 Multilaboratory Precision {Reproductbility)'—~The
muttilaboratory coefficient of variation has been found to be
4.0 percent. Therefore, results of two properly conducted tests
by different operators using different cquipment should not be
considered suspect unless they differ by more than 14.0 percent
of their mean.

14 Keywords

14.1 consistency: index property; laboratory; moisture
analysis; moisture content; soil aggregate: water content

-Mmmwu:mu(mnm-mmmhnmc
M0

* These numben represent the (13 %) and {d2s %) linwits s describod b Practice
CoN.

SUMMARY OF CHANGES

Commitiee D-18 has identified the location of

g ah

o this dard since the last jssuc.

{D 2216-92) that may impact the usc of this standard.

(#) Tile was changed to emphasize that mass i3 the basis for
the standard,

{2) Section 1.1 was revised to clarify “similar materials™.

(3) New 1.2 was added 0 explain a limilation in scope. The
other sections were renumbered as appropriste.

(4} An information reference was included in 1.5,

{5) An information reference was included in 1.6

{6) A new ASTM ref d o was included in 2.1,
(7) New Foolnotes 2, J, and 3 were added and identified.
Onher footnotes were renumbered where necessary lor sequen-
tial idemification.

(8} Information conceming balances was added in 6.2

(%) Section 6.3 was revised to clarify the use of close-fitting
lids, and a reference to Notc 8 was added.

{10) In 6.4, “anhydrous calcium phosphate™ was changed to
“anyhydrous calcium sulfate™ to correct an error and 10 agree
with Note 3.

{11} Atypoin 8.1 was comected from “before™ to “below™ and
a footnoted reference was added for information.

(12} A portion of 8.2 was deleted for clarity.

(13) Anew 82.1 was added to clarify minimum mass require-
ments,

(14) Sections 8.3, 84, 933, and 12,1 were changed 10
substitute “test data form/sheet” for “repon™.

{15) Footnote seven was identified.

(18} Scction 9.2.1 was rovised to improve clarity and intent,
(7) The word “possible™ was changed to “practical” in 9.2.3,

JPYRIGHT 2000 American Society For Testing & Materials
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{#8) Section 9.3.1 and 9.3.2 were rmvised 1o improve clarity  version. These explanetions provide clarity and information 1o
and for practicality. the user.
(I9) A reference to Guide D 6026 was added in 12.1.2, {21} A Summary of Changes was added to reflect D-18"s

(20) Footnotes 8 and 9 were added to 13.2.8 and 13,2.2,  policy.
respectively. These were inadvertently omitied from the 1992

The Amavican Sockty lor TRt snd Materals takes i potition respecting e valdly of 1y AN ighis #25ed i CONNECHon
with any Ram mentioned i s standand. Uissey of this standard dne axpressly #dvised fial Celdemiiation of he vaklty of any such
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BOCIETY FOR TESTING AMD MATERIALS
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Paprinied lrom the Anvial Boox of ASTM Stanade.

ol It 10 T cLrrant SOMbined e, Wit A0A4r 11 the resl Sd.

Unconsolidated, Undrained Triaxial Compression Test on

Cohesive Soils?

This standurd b kxued under the faed desipnation D 2850; the numbey |

the year of

| d iatety followlny, the deti indicres
wUnuan:.inmeu:dnvummzywdhnmhtog&numhhmnmhﬁmnmmumma
sapetweript epailon (1) indicates an editorial change tincx the lat vidoo or rapproval,

1 NoTe—The title was conzosed aditorially is Dectmber 1996,

1. Scope

1.1 This test method covens determination of the strength
and stress-strain velationships of a cylindrical specimen of
cither undisturbed or remolded cohesive soil. Specimens are
subjected to a confining fluid pretsure in a triaxial chamber.
No drainage of the specimen is parmitted during the test,
The specimen is theared in compression without dreinage a1
& constant rate of axial deformation (strain controfled).

1.2 This test method provides data for determining
undrained strength propertics and stress-strain relations for
sails. This test method provides for the measurement of the
total stresses applied 1o the specimen, that is, the stresses nre
not corrected [or pore-water pressure.

Notx 1=The d instion of the fined ive srength
of cobesive soils is covered by Ten Method [ 21686
Not 2—The & jastion of the e wnddead

strength
of cohesive toily with pofo pressure measurement is covered by Test
Method D 4767,

1.3 The values stated in S] units are to be reganded &s the
standand. The values stated in isch-pound units and given in
parcutheses arc approximate.

1.4 This standard does not purpont to address all of the
sqfety concerns, §f any, associated with its use. I s the
responsibiiity of the user of this standard (o establish appro-
priate safety and health practices and determine the appliy

D 2488 Practice for Description and Identifieation of Soils
(Visugl-Manual Procedurey

D 3740 Practice for Evalustion of Agencics Engaged in the
Testing and/or Inspection of Soil and Rock as Used in

b E;z%ne:in; Dﬁi“n and Construction?

4 ractices for Preserving and Transporting Soil
Samples? s

D 4318 Test Method for Liquid Limiy, Plastic Limit, and
Plasticity Index of Soils?

4753 Specification for Evalusting, Selecting, and Speci-
fying Balances and Scales for Use fn Testing Soil and
Rock, and Related Construction Materials?

D 4767 Test Method for Consolldated-Undrained Triaxial
Compression Test on Coheslve Solls?

3. Terminology

3.1 Definitions—The definitions of terms wsed in this test
method thall be in dance with Terminology D 653.

3.2 Descriptions of Terms Speelfic 1o Thiz Standard:

3.2.1 Jallure~the stress condition at filure for s test
specimen. Failure is often taken (o correspond to the
maximum principal siress difference (deviator stress) at-
tained or the principal stress difference (deviator siress) at
15% nxisl strain, whichever is obtained first during the
perfcrmance of a test,

bilisy of regulatory limitations prior o use.

2. Referenced Documents

2.1 ASTM Standands:

D 422 Method for Particle-Size Analysis of Soils?

D653 Tgnninology Relating to Soil, Rock, and Contained
Fluids’

[ 854 Test Methed for Specific Gravity of Soils?

D 1587 Method for Thin-Walled Tube Sampling of Soils?

D 2166 Test Methods for Unconfined Compressive
Strength of Cohesive Soil?

D 2216 Test Mcthod for Laboratory Determination of
Water (Moisture} Content of Soil and Rock?

D 2487 Qiassification of Soils for Engincering Purposes?

and Rock and is the dicert D03 ou 5
Properdes of Solls.

Current odtion approved May 13, 1995 Publiched July 1995, Oviginally
publishod 18 D 2430 = 70, Last previous edilion D 2630 ~ #74,

3 Ansad Book of ASTM X

* This kol mecthod b wnder the jurisdicton af ASTM Commnittes D-18 06 Sall
y of Sub i

2000

322 lidated-undrained npressive  strength—
tl:.iel value of the principal stress difference (deviator stress) at
ure.

4. Significance and Use

4.1 In this test method, the compressive strength of a soil
hdaaniM in terms of the total strem, therefore, the
resulting strength depends on the pressure developed in the
pore fluid during loading. In this test method, Nuid fow is
not permitted from or into the soll tpecimen as the load is
applied, therefore the resalting pore pressure, and henpce
strength, differs from that developed in the case where
drainage can oceur,

4.2 IF the test specimens are 100 % satunated, consolida-
tion cannot occur when the confining pressure is applied nor
during the shear portion of the test since drainsge is not
pammcd Therefore, il several specimens of the same
materinl are (ested, and if they are all at approximately the
same water content asd void ratio when they arc tested, they
will have approximately the same undrained shear strength,
The Mohr failure envelope will ususlly be a horizontat
strnight line over the entire range of confining Streses
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epplied to the specimens if the specimens are fully saturetsd,

4.3 If the test specimens are partially ssturated or com-
pacted specimeas, where the degree of saturation is less than
100 %, consolidatiop may occur when the confining pressure
is applied and during shear, even though dmnagcnum

variation in axial load due to friction docs not exceed 0.1 %
of the axial load at faflure as measured in §.4.1.3 and so there
is negligible kateral bending of the pision dusing loading.
Nare Ldﬂunnulunsnnfhﬂbuﬁhplnﬁ&kﬂﬂpkwﬂh
d w

permitted, Thercfore, if several partially
of the same material are tested at different eonﬁmm stresses,
they will nothavctbeumeundmnednhmrﬂmﬂh.]‘h
the Mohr failure envedope for lidated undraj
triaxial testc an partially saturated soils is usually curved.
4.4 The unconsolidated undrained triaxial crength b
applicable to situations where ths loads are assumed 1o take
place so rapidly that there it insufficient time for the induced
pore-water pressure to dissipate and for consolidation to
occur during the loading period (that is, drainage does not

oeeur),

4.5 Compressive stremgths determined using this proce-
dure may not apply in cases where the loading conditions in
the field differ significantly from those used In this test
method.

Kot 3—Notwith Ieg the idon and bias
muludhmktmmhod:mmonormhumwh

reflable teating. testing
factors: Practica D 3740 provides & meana of
evaluating some of those Mctor,
5, Apparatus
5.1 Axial Loading Device—The axial loading device may

be serew jock driven by an clectric motor through a geared
i dewoc.ornnyother
and

Nore 6—A mictmem ﬁnandhuuuwcfuu
diameter bas boen wacd fully in many X
Iateral bending.

5.5 Pressure Control Device—The chamber pressure con-
trol device shall be capable of applying and controlling the
chamber pressure to within £2 kPa (0.25 psi) for pressures

friction and maintai
the specimen
dies to Eini

reservolr connected o the triaxial chamber and pantially
ftled with the chamber fluid (usually water), with the upper
part of the reservoir connecied 10 8 compressed gas supply;
the gas pressuze being controlled by a pressure regulator and
measured by a pressure gage, electronic pressure transducer,
or any other device capable of measuring to the prescribed
tolerance, However, » hydraulic system pressurized by dead-
weight acting on a piston or any other pressure-maintaining
and m.easummenl device mpahle of applying and controlling
the prescribed in this

may .
5.6 Specimen Cap and Bate—An impermeable rigid cap
and base shall be used 10 prevent dminage of the specimen.
The specimen cxp and base shall be constructed of a
ooncorresive impermeable materiz], and each shall have &
circular plane i

mov!dummeo”oadmxplmibedm'ls Tbcm.eof
advance of the loading device should oot devists by more
than =3 % from the selected value. Vibrations due to the
operation of the loading device shall be sufficiently smail to
not cause dimensional chenges in the specimen.

Nota 4==A bading devioe may be taid 10 provide sufficiestly mmall
vibratioss if there are no visible ripplts in a g2881 of water placed on the
mmmmmumuunmwnmmem

5.2 Axial Load-Measuring Device—The axial load-mea-

hydraulic load cell, or any other load-measuring device
capeble of measuring the axial 1oad to an accuracy of | % of
the axial load at failure and may be & part of the axis! loading
device,

5.3 Mraxal Compression Chamber—The triaxial chamber
Moomofuwppmcandabuephmmwdbyl

applied

use & tmnsparent material or have a cylinder provided with
viewing perts so the behavior of the specimen may be
observed, The top plate sball have & vent valve such that air
can be farced cut of the chamber as it is filled, The base plate
shall have an inlct through which the presure liquid is
supplied to the chamber,

3.4 Axial Load Piston—The piston passing through the
top of the chamber snd its seal must be designed so the

2000

between 75 and 85 % of the diamcter of the cap and base or
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by any method that wil] produce a positive seal. An equation
for cormecting the principal siressy difference {deviator stress)
for the effect of the stiffness of the membrane is given in 8.6,

5.9 Sample Extruder--The sample extruder shall be ca-
pable of extruding the soil core from the sampling tube in the
same direction of travel in whuch the enmple entersd the tube
and with minimum disturbance of the sample, If the soil core
is not extruded vertically, cars should be taken to avoid
bending stresses on the core due 1o gravity, Conditions &t the
tme of sample removal may dictate the direction of re-
moval, but the principal concern is to keep the degree of
disturbance minimal.

5.10 Specimen Size M Devices—Devices used
to measure the height and dinmeter of the specimen shal be
capable of measuring the desired dimension 1o within 0.1 %
of its actual length and shall be constructed such that their
use will not distutb Ihc specimen.

Nots 7—Circumls ;
umxnknmummngﬂudhmﬂa

5.1 Timer—A timing device indicating the clapsed
testing time to the nearest | s shall be used for establishiong
the rate of sirain application prescribed in 7.5,

512 Bn!arm:—A balance or scale conforming to the

ification D 4753 readable (with no
Eﬂmlﬂnn)lﬁﬂ 1 % of the test masy, or better,

5.13 Miscellanrous Apparatus—Specimen trimming and
carving tools Inciuding a wire zaw, el straightedge, miter
box gnd vestical trimming hatbe, apparatus for preparing
compgcted specimens, remolding apparatus, water content
cans, and data sheets shall be provided 23 required.

ded over

apes mre

6. Test Specimens

6.1 Sp Size—Speqi thal] be cylindnical and
have & minimum diameter of 3.3 om (1.3 in.). The height-
to-diameter ratio shall be 2 25, The largest

particle size zhall be smaller than one Fixth the smpecimen
dizmeter. If, afier completion of a test, it is found based on
visusl observation that oversize particles are pyesent, indicate
this information in the report of test data (see 9.1.12),
Nove 0—If oventlze: prrticics are found i the kpocimen after westing,
& partickesize analysis may be pefomsod in ecoordance with Test
Wbduwmﬂm visual observation snd the resuly
puﬂﬁﬂlﬂhﬁnhﬂupwﬂu:’ld}

6.2 Undigurbed Specimens—Prepare undisturbed speci-
mens from Jarge undisturbod samples or from samples
secured in accordance with Fractice D 1587 or other accept-
able undisturbed tube nmplmg prooedures, Samples shalf be
preserved and d in danoe with the p X3
for Group C nmplu in Practices D 4220. Spa:lnmu ob-
tioed by tube sampling may be tested without lrunmm;
except for cutting the end
to the longitedinel axis of the specimen, provided soil
chumtnnmwchmunomﬁan:dmumammnu
fromm Handle carefully to minimize
duturbance,d:mwmmsemon.wdmnummu
content. If compression or sny type of noticeabls distuchance
woxﬂdbcmusndl:ymcuuusiondevice. split the sample
tube lengthwite or cut the tube in suitable sections to
faciliiate removal of ﬂle mmen with mammum distur-
banee, Prepare tr d sp in an cavir such

2000

sa nomml]edlngh hunuduymmuwbc:esudwauroomcnt
Where I of pebbles or crum-
hlmgmmluugfmm mmmlnaamvoidsonlha:urfweor
lhcmemmen.mﬂxﬂyﬁnth:vmdsmthremoldedmﬂ
obnained from the trimmings. When the sample condition
permm.averualtr{mmm;hmemtybemedmmduceﬂu
specimen o the req Afer obtsining the
required diamester, plwcl.hupmmenm:m.lwrboxmdwt
the specimen 1o the final height with a wire saw or other
suitable device. Trim the surfaces with the steel straightedge,
Perform one or more watcr conteat determinations on
material timmed from the specimen in accordance with
Test Method D 2216, Determine the mass and dimensions off
the specimen using the devices described in 3.11 snd 5.9, A
minimum of three helght measurements (1207 apart) 2od at
least three diametey measurements ot the quaner points of
the height shall be made 1o determine e averzge height end
diameter of the mpecimen,

6.3 Compacred Specimrm-—Soil required for compacted
shall be y mixed with sufficient water to
producelhcdmmd watey content. If water is added to the
mLuorc!hemm;lmamvmdeomllnerl‘oratlu.nlﬁh
prierto & t may be prepared
by compacting malmul an ot least six layers using & split
mold of circular cross having di i mecting the
requirements enumerated in 6.1, Specimens may be com-
pacted to the desirgd density by either: (J) kneading or
tamping cach layer until the sccumulative mass of the soil
placed in the mold is compacted to 8 known volume; or (2)
by adjusting the nomber of layers, the number of tamps per
layer, and the force per tamp. The top of cach layer shall be
sacrified prior to the addition of material for the next layer,
The tamper ted to compact the material shaf] have diam-
ter equal 1o or Jess than one half the diameter of the mold.
After 8 specimen is formed, with the ¢nds perpendicutar to
the longitudinal axis, remove the mold and determine the
mast and dimensions of the specimes using the devices
dmn'bedinSltandSQ Perform one or more water
ons on txcess material uzed o prepare

thespedm:n in accerdance with Tesnn Method D 2216,

Norx $—ht & common for the ualy welght of the specimen afler
rerndval from the mald 18 b less than the valic based on the vobume of

ihe mold. This octurs as & resutt of the 3 melling witer
of te lateral conffocment due o Lhe hold.
7. Procedurs
7.1 Placo the on the cxpander or, if

it is to be roiled onto the specimen, place the membrane omto
the cap or base, Place the specimen oo the base. Place the
rubber membrane eround the specimen asd seal it at tho cap
and base with O-rings or other pasitive seals at each end, A
thin coating of silicon grease on the vertical surfaces of the
cap or base will aid in sealing the membrane,

7.2 With the specimen cocased in the rubber membeang,
which is scaled to the specimen cap &nd base and positionsd
in the chamber, assemble the triaxjal chamber. Bring the
axial load piston into contact with the spocimen cap keveral
times to permil proper seating and alignment of the piston
with the cap. When the piston is brought into contact the
final time, record the reading oa the deformation indicator.
During this procedure, take care not to zpply an axial stres
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to the specimen exceeding approximately 0.5 % of the
estimated compressive strength. If the weight of the piston is
sufficient to apply an axial stress exceeding approximately
0.5 % of the estimated compressive strength, lock the piston
in place above the specimen cap after checking the seating
and alignment and keep locked until application of the
chamber pressure.
7.3 Place the chamber in position in the axial loading
d:vico.chcMwahcnﬂ:canllloadmsdemtbeuml
device, and the trisaxial chamber to preveait
the application of s latzral forve to the piston during testing.
Attach the: pressure-roalniaining and measurement device
sod Al the chamber with the confining liquid. Adjust the
intaining and device to the desired
. Mqum:ndlpplythepmmmthcchmber
Duid, Wait approximately 10 min sfier the application of
chamber pressure to allow the specimen to stabilize under
the chamber pressure prior to application of the axial load.

Nome 10—In some cases the chamber will be filled and the chamber

presurs applied belore placement in the axal loading device.

Note 11—Make sure the piston is Jocked of held in place by the
axia] boeding device before applying tho chamber pressure.

NoTz |2=—The writing period may aeed to be Incressd for saft or
pectically saturasied soils.

74 M the axial foad-measuring device is located outtide of
the triaxial chamber, the chamber pressure will produce an
upward force on the piston that will react against the axial
loading device, In this case, start the test with the piston
slightly abave the specimen cap, 2nd before the piston comes
in contact with the specimen cap, either: (J) measure and
record the initial piston friction and upward thrust of the
piston produced by the chambx e and later
the measured axial load, or (1) adjum che mxinl load-
messuring device to compensate for the friction and thrust,
If the axial load-measuring device is located inside the
chamber, it will not be neoessary to correct or compensate
rmlhennllﬁfmmn;onmeuulmudcﬁuurror
piston friction. In both cascs record the initial reading on the
deformation indicator when the piston contacts the speo-
imen cap.

1.5 Apply the axial load 1o produce axial strain at a rate of
approximately | ®/min for plastic materisly and 0.3 %/min
for brittle materials that achicve maximum deviator siress a1
approximately 3 to 6 % suain, At these rates, the clapsed
time 1o reach maximum deviator stress will be approxi-
mately 15 to 20 min. Cootnue the loading to 15 % axial
strain, except loading may be stopped when the deviator
stress has peaked then dropped 20 % or the axial strain has

sperimen in accordance with Test Method D 2216 using the
entire specimen, if possible.

7.8 Prior to placing the specimen {or portion therecd) in
the oven to dry, sketch 8 picture or take 8 photograph of the
specimen showing the mode of failure (shear plane, bulging,
el
8. Calcalation

8.1 Caloulate the axip] strain, ¢ {expressed as s decimal),
for a given applicd axial load, as follows:

«= AH/H, )
where:
AH = change in height of specimen &y read from deforma-
tion indicator, and

H, = initial height of test sp minus any change in
length prior to loading.
8.2 Cakulate the average cross-sectional area, A, for a
given applied axial load as follows:
A= ANl = (2)
where:

A, = initlal average cross-sectional area of the specimen,
and

¢ = uxial strain for the glven axial load (expressed a3 &
decimal).

NoTh 14—!n the event that the
rmlulnadunplnﬂlewodmhuth.
reflect this change in volume, Froquendy, this
lateral ttruing are equal 1o verteal etrmine. The
thaage would bo gived by D = D, {1 = AH/H).

8.3 Calculste the principal stress difference (deviator
siress), o, = oy, for a glven applied axial load as follows:

== PiA L&

of the chamb

should be cormected 1o
done by asmming that
diameter after volume

where:
P = measured applied axial load (comected for uplift and
pmonfncﬁon.lrmuhadm‘r.d ), and

graph thowing the
relationship between principal stress difference (deviator
stress) and axial strajn, plotting devistor stress as ondinste
and axial strein (in perocnt) as abscissa, Select the compres-
tive strength and axial sirain at failure in accordance with the
definitions in 3.2.1 and 3.2.2.

8.3 Covrection for Rubber Membrane—Astuming upits
are consistent, the lollowing oquation shall be used to correct
the principal stress difference or devistor stress for the effect
of the rubber membmane if the crror in principal stress
difference due to the stiffncss of the membrane exceeds 3 %:

reached 5 % beyond the strain at which the peak in deviator Ao, =€) = AEte /D @
7.5 Record load rnd deformation values at about 0.1,0.2,  where
0.3,04, and 0.5 % srain; then st increments of about 0.5 % Alwy — ;) = cotrection 10 be subimcted from the measured
strain to 3 %; and, thereafier at cvery 1 %. Take sufficicnt J.nﬂﬂ difference,
readings 10 define the siressstrain curve; hence, moe D = Jddjx = diameter of specimen,
frequent readings may be required in the carly stages of the  E = Young's modulus for the membrane material,
test and ns failure is approached, [ -mheuohhemmbuno.md
q = axia) strain.
Hore L3—Al intervals for the rradings may be nsed provided 8.5.1 The Young's modulus of the membrane material
sufficient pelats are obiained 10 delloe the Qe traia carve. may be delcrmined by banging a 10.0-mm wide sisip of
7.7 After pletion of the test, re! the test mlﬂunmd.plmn;mothermd.lnng the

from the chamber, Determine the water content of the test

2000

bottom of the hangi , and

ing the force
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per unit strain obtained by stretching the membrane, The
modulies value ay be compuled wsing the following equa-
tion assuming units are consistent:

E, = FL{d AL 5}
where:
E, = Young's modulus of the membrane material,
F = force applied 1w stretch the membrane,
Ap, = twice the initial thickness of the membrane multiplied

by the width of the membrane strip,

L = unstretched leagth of the membrane, and
Al - d;ang: in length of the membrane due to application

A typical value of E_, for latex membrane is 1400 kN/m?.

NoT2 15—Tha effect of the stiffess of the membvine on the el
ttrny it usually sasumed Lo be nepligible,

NoTs 6—The commection for rubber membranes is based on Hmpli-
fied essumptions concerning their behavior during shear, Their actual
behavior is complex and there is not a consensus on MOTE EXAC
correetions.

8.6 Calculate the major and minor principal total stresses

at failure as follows:
#y = minor principal total #tregs = chamber pressure, and
, = major principal 1014 Fircss = deviator stress wt Milure plus
chamber pressufe.

8.7 Calculate the initisl degree of tﬂtun.liun of the test
specimen using the initia! masy and dimensions.

Note 17=—The pecific mmmx.WMTm
Msthod D 834 is required for calculaton of

the
wadn:mﬂnmyhummwuhmmmmmm-n
anumed value way naed,

9. Report

9.1 Report the following information:

9.1.1 Identification data and visual description of spec-
imen including soil classification and whether the specimen
is undisturbed, compacted, or otherwize prepared,

9.1.2 Values of plastic limit and liquid limit, if deler-
mined, in accocdance with Test Method D 4318,

9.1.3 Value of specific gravity of solids and notation &f the
value was determined in accordance with Test Method
D 854 or assumed,

9.1.4 Particlesizc analysis, if d ined, in d
with Test Method D 422,

9,15 Initinl height and diameter of the specimen.

$.1.6 Initial specimen dry unit weight, void ratio, water
cattent, and saturation, (Specify if the water content was
obtained from cuttings, excess material, or the entire spoc-
imen.),

9.1.7 Rate of axial strain, percent per minute,

9.1.8 Axial! struin at failure, percent,

9.1.9 The value of the compressive strength and the values
of the minor and major principal stresses at falfure, (Indicate
when values have been comected for membrane effects),

9.1.10 Stressstrain curve ns described in 8,4,

LLLS Fulu:u sketch ot photograph oﬁhe :pecumeu. and

91,12 R rks and no T 1
conditions such as slickensides, muﬁunon. shc!]s. pebbles,
roots, ete, or other information necessary to properly
interpeet the results obtained including any departures from
the procedure outlined.

10. Precizion and Bixs

10.1 Precision—Data are being cvaluated to determine
the precision of this test method_ In addition, Subcommittee
D18.03 Is sceking pertinent dats from users of this test

method,
10.2 Blar—There is uo nccepted refercnce value for this
est - 1: th, I: X I![Il be di jned.

11, Eoywords
11.1 cohesive sail; Iateral eonﬂnemcnt; streio-controlled

loading; lags T DOt
solidated undrained

stress-sirain bips; totat
strength

SUMMARY OF CHANGES
This section jdentifies tocation of changes to this test method since the kst edition.

(1) Many parts of this test method have been changed 3o that this standard contains wording similar wo Test Method D 4767
aad Test Method D 2166.
{2) Some parts of this test method have becn modified 1o further clarify this test method, Other geners! improvements have
made,

T Amarican Society fov Festing and Materisls tuices mo Postion respecting the valiily of any patar rights ssserted in cormaction
with arry dam mantioned in this standard. Users of this stanciard are scpresaly 8dvised that catecmsetion of the valiRy of any such
paten tights, andt (e sk of infringement of such Tighes, are antirely el own 3

Tia stancierd ly subject io revision af eny dme by the ond rnat be wwry iy yars and
¥ ot revised, sither :u- are irvited sy
et shoukd be o ASTM ok umwmuamuum
dnchnicnl

mmmwmlmmmwmmmmcﬂmWme
views knpwn 10 the ASTM Committes on Siandards, 100 Barr Harbor Drive, West Conthahacien, PR
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Standard Test Methods tor

Liquid Limit, Plastic Limit, and Plasticity Index of Soils’

huummuuuxduoamﬁ:ddmmmnull the rumber i Tolk

indicetes ihe year of

original sdoption ar, in 1he caxs of revision, the year of last revision. Au-nwuiqmlhunmmm,wofhunwwdA
SUpericripd cpailon (1) inUkcxies an editorial change since the Laut revision o reapprovel.

1. Scope *

1.1 These test methods cover the determination of the liquid
limit, plastic limit, and the plasticity index of soils as definad
in Section 3 on Terminology,

1.2 Two methods for preparing test i ided

the several consistency states of plastic soils.

1.6 The composition and concentration of soluble salts in a
soil affect the values of the liquid and plastic limits as well as
the water content values of soils (sce Method D 2216), Special

as follows: Wer preparation method, as described in IO I. Dy
preparation method, as described in 10,2, The method 1o be
used shatl be specified by the requesting authority. If no
method is specified, use the wet preparation method,

1.2.1 The liguid and plastic limits of many soils that have
been allowed 1o dry beforc testing may be considerably
different from values oblained o0 non-dried samples. [f the
liquid and plastic limits of soils are used (o cormelate o
estimate Lhe enginecring behavior of soils in their natural moist
state, samples should not be permitted 10 dry before testing
upless data on dried samples are ipecifically desired,

1.3 Two methods for determining the liquid Jimit are pro-
vided as follows: Method A, Multipaint test a5 described in
Sections ! and 12. Merhod B, One-point test as described in
Sections 13 and 14, The method to be used shall be specified
by the rcquesting authority, IF no method is specified. use
Method A.

1.3.} The multipoin: liquid Yimil mcthod is gencrally more
precise than the onc-point method. It is recommended that the
mullipoint method be used in cases where test results My be
subjeet to dispize, or whese greater precision is required,

1.3.2 Because the ane-point method requircs the operator to
judge when the test specimen is approximaely at its liquid
limit, it is panticutarly not mecor ded for use by inexperi-
cnced operators,

1.3.3 The comelation on which the calculationy of the
onc-poinl method are based may not be valid for cenain soils,
such as organic soils or soils from a marine environment. It is
n.rnngly recommended that the fiquid limit of these soils be

d by the mulipoint method.

1.4 The plastic limil tes1 is performed on materinl prepared
for the liquid limit test.

1.5 The liquid limit and plastic limit of soils (along with the
shrinkage limit) are ofien collectively referred 10 as the
Allerberg limits. These limits distinguished the boundaries of

* This tandand bs wader the jrisdiction of ASTM Comunktce DIE 08 Soll ang
Rack snd is the direct meponsibitity of Subcommitiee D13.03 on Tenture. Plasicity
and Densliy Characieristics. of Sush

Currer odition appeaved June P, 2000, Published Scpterber 2000, Origimlly
publizhed 1 D 4313 - 83, Last previows edition D 4315 - 91,

ideration should therefore be given 1o soils from a marine
environment or other sources where high soluble salt concen-
tralions may be present, The degreet 1o which the salts present
in these soils are diluted or concentrated must be given careful
consideration.

1.7 The methods described herein wre performed only on
that portion of & soil that passes the 425-pm (No. 40) sieve.
Therefore, the relative contribution of this portion of the soil to
the properties of the sample a3 a whole mutt be considered
when using these tests 10 evaluate propedies of a 3oll,

1.3 The values stated in acccptable metric units are o be
regarded a3 the standard, except as noted below, The values
given in parcntheses are for information only.

1.8.1 The standard units for the resilience tester covered in
Annex Al are inch-pound, not metric. The metric values given
are for Information only.

1.9 This standard does not purport ta address all of the
safety concerns. if any, associared witk it use, It is the
responsibility of the user of this standard to establish appro-
priate safefy and health practices and determing the applica-
bility of regulatory Iimisztions prior 1¢ use.

2 Referenced Documents
2.1 ASTM Standards:
C 702 Practice for Reducing Field Samples of Aggregate to
Testing Size®

D 75 Practice for Sampling Aggregates®

D 420 Guide 10 Site Cheracterization for Engincering, De-

sign, andt Construction Purposes*

D653 Tem\motogy Reluting 10 Soil, Rock, and Contained

Fluids*

D 1241 Specification for Matcrials for Soll-Aggregate Sub-

base, Buse, end Surface Courses*

D 2216 Test Method for Laboratory Determinasion of Water

{Moisiure) Conlent of Soil and Rock by Mass?
D 2487 Practice for Classification of Soils for Engincering
Purposes (Unified Soil Classification System)*

 Annid Book of ASTM Standonds, Vot 04.02.
* Annual Book of ASTM Sandands, Voh 04.03
* Anmual Book of ASTM Standends, Vot 04.08.

*A Swmmacy of Changes section sppears at the od of this siandard,
Copyright © ASTM. 100 Bart Hartor Drive, West Conhohackan, PR, H428-2038, Uniiwd Staims.
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D 3282 Practice for Classification of Soils and Soil-
Aggregate Mixtures for Highway Consu—ucuon Purposes*

D 3740 Practice for Minimum Regq for Ag
Engaged in the Tesling and/or Inspection of Soil and Rock
at Used in Enginesring Dctign and Construction*

D 4753 Specification for Evaluating, Selecting, and Speci-
fying Balances and Scales for Use in Soil, Rock, and
Related Construction Materials Testing *

D 6026 Practice for Using Significam Digits in Geotechni-
cal Data?

E 11 Specification for Wire-Cloth Sicves for Testing Pur-

E |77 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods®

E 91 Practice for Conducting an Interiaboratory Study to
Determine the Precision of a Test Method®

3, Terminology

3.1 Definitions:

3.1.1 The definitions of terms in this standard are in
accordance with Terminology D 653,

3.2 Descriprion of Yerms Specific 10 This Standard:

3.2.1 Atterberg Limitg—Originally, six “limits of consis-
ency” of fine-grained soils were defincd by Albert Arerberg:
the upper limit of viscous flow, the liguid limit, the sticky limit,
the cchesion fimit, the plastic Limit, and the shrinkage limir, In
clmment engineering usage, the termt usvally refers only to the
liquid limix, plastic limit, and in some references, the shrinkage
limit.

3.2.2 consisiency—ihe relative ease with which a soil can be
deformed.

323 liquid tmit (LL, wi)=—the water conteny, in percent, of
a 30il at the arbitrarily defincd boundary between the semi-
liquid and plastic states.

3.2.3.1 Discussion——The undrained shear sirength of toil at
the liquid timit is considered to be 1y 2 kPa (0.28

pei). -
3.2.4 plastic fimit (PL. w,)—he water contenl, in percent,

of a soi! at the boundary between the plastic and semi-solid
States,

determined by performing trials in which a portion of the
specimen is spread ih a brass cup, divided in two by a grooving
100, and then allowed to flow together from the shocks cansed
by:epeuuilydruppmgunwpmnmdndmhmm
device, The multipoint liquid limit, Method A, requires three or
more trials over a nge of water conlents to be performed and
the data (rom the trials plotted or calculated to make a
reiationship from which the liquid Limit is dctermined. The
one-point liquid limit, Method B, uses the data from two trials
al ont water content multiplied by a comection factor to
determine the liquid limit.

4.2 The plastic limit is dettrmined by ahemately pressing
together and rolling into a 3.2-mm {%-in.) diameter thread a
smal] portion of plastic soil until its warer content is reduced to
a paint at which the thread crumbles and can no longer be
pressed together and re-rofled. The water content of the soil at
this point is reported as the plastic limit.

43 The plastcity index is calculated as the difference
between the liquid limit and the plastic limit.

5. Signlficance and Use

5.1 These test methods are used a3 an integmal part of several
cogineering classification systems to characterize the fine-
grained fractions of soils (sec Pncueu D 2487 and D 3282)
and o specify the finc-grai of jion mate-
rialg (sce Specification I) 1241). The liquid limit, plastic Yimit,
and plasticity index of soils #re also used extensively, elther
mdwtdmlly or 1ogether, with other soil propertiea to comelate
vnth enguwenng behavmr such as compressibility, hydraulic

vity (pes ity), pactibility, shrink-swell, and
shear strength.

5.2 The liquid and plastic limits of o soil and its water
content can be used to express ts relative consistency or
liquidity iodex. o addition, the plisticity index and (he
pemenmgeﬁnaduanpaﬂlc}ellucanbeusedm

ine its activity b

5.3 These thods are used to eval the
westhering charecteristics of clay-shalc materials, When sub-
jected to repeated welling end d:ymg cycles, the liquid limiu

3.2.5 plastic soil—a soil which has a range of water
over which it exhibits plasticity and which will retain its shape
on drying.

3.2.6 plasmicity index (Pf)—the range of water content over
which a soil behaves plastically. Numerically, it is the differ-
ence between the Liquid limit and the pllstic limdt.

af these ials tend 10§ of i is
idered to be 2 of a lh.lIe » susceptibility to
weathering.
5.4 The liquid limit of & s0il inj b ind

of organic matter decreases dnrnln:ally when the soil is
oven-dried before testing. Comparison of the liquid Jimit of a
sample before and after oven-drying can therefors be used as a

3.2.7 liguidity index—ihc mtio, exp
(1) the water cofitent of a 30il minus its plastic limil, to (2) its
plasticity index.

d 2s a per of litative of org: matter of 3 soil (see
PmmDMT)

Hm!—mmkyofﬁsmumbymlwi:

of the g It and the

3.28 activity number (A)—the ratio of (1) the plasticity

index of m 30il to {2) the percent by mass of particles having an

equivalent diameter smaller than 2 pm.

4. 8 y of T
4.1 The specimen is processed to remove any material

recained on a 425-pm (No, 40) sieve, The liquid limit is

" Anreeg! Bock of ASTM Stonddnis. Vol (4.07.
* Amemol Book of ASTM Siandards, Vol 14 02,

2000

nnnh-my nr |.1= equlpllﬂ( andt faclllties u-:d. Agudu mu meet the
criterta of Practice D 3740, g
#nd objeciive testing/samplingfintpectionsete. Utcrs of ¢ Dflﬂ-lumdmim
caxioned that complisnce with Practice [ 3740 docs not in itsedf mpsure
reliable resutes. Refiable results depend on many factons; Pracrica D 3740
provides # Means of evaivating some of thoss [actont,

6. Apparatus
6.1 Liguid Limii Device—A by device consistj
of a brass cup suspended from a carriage designed to contro) its

JPYRIGHT 2000 American Society for Testing and Materials
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drop onto a hard rubber base. Fig. 1 shows the essential
features and critica) dimensions of the device. The device may
be operted by either & hand crank or electric motor.

6.1.1 Base—A hard rubber base having a Type D Durometer
hardness of 80 to 90, and tesilience rebound of ar least 77 %
but Ao more than 90 %. Conduct resilience lests on the finished
baze with the feet attached. Details for measuring the resilience
of the base are given in Anncx Al

6.12 Rubber Feet, supporting the base. designed to provide
isolation of the base from the work surface, and having a Type
A Duromcter herdness no greater than 60 as measured on the
finished feet attached 10 the base.

6.1.3 Cup. brass, with a mass, including cup hanger, of 183
w215 g.

6.1.4 Cam=—Designed to raise the cup smoothly and con-
tnucusly to its maximum height, over & distance of a¢ least
[80° of cam rotation. without developing an upward or
downward velocity of the cup when the cam follower leaves
the cam. (The preferred cam motion is a uniformly accelerated
1ifi curve.)

Note 2—The cam and follower design in Fig. ) is for uniformly
acoelerated (parabolic) moton after contact and s1sures that the cup has
mo velocity at drop off, Other cum designn alio provide this feature and
may be used, Howewer, if the cam-loflower [ifi pastern is not known, zero
velocity st drop off can be assered by carclulty Aling or machining the
camt end follower 30 that the cup height remaina constant over the last 20
1o 43" of cam rowdion.

6.1.5 Carriage, constructed in a way that allows convenient
but secure sdjustnent of the heigh-of-drop of the cup to 10

mm (0.394 in,), and designed such that the cup and cup hanger
assembly is only atiached to the camriagc by means of a
removable pin. Sec Fig. 2 for definition and determination of
the height-of-drop of the cup,

6.1.6 Motor Drive (Optional)—As an altemative 10 the
hand crank shown in Fig. I, the device may be equipped with
a motar 1o tum the cam. Such a motor must tum the cam at
2 2 0.1 revolutions per second and must be isolated fram the
rest of the device by rubber mounts or in some other way that
prevents vibration from the motor being transmitted to the rost
of the apparatus. 1t must be cquipped with an ON-OFF switch
and a means of conveniently positioning the cam for height-
of-drop ad) “The results abtained using a motor-driven
device must not differ from those obtained using a manually
operaied device.

6.2 Flai Grooving Tool—A tool made of plastic or
noncorroding-metal having the dimensions shown in Fig. 3.
The design of the tool may vary as long ns the essential
dimensions mre maintained. The tool may, but necd not,
incorporate the gage for sdjusting the helght-of-drop of the
liquid himit device.

MNore 3—Prior to the sdoption of this 151 method, » curved grooving
tool was specified ax pan of the apparatus for performing the liguid limit
test. The curved 100] it not considernd 1o be a1 accuraie e the Rat tool
dencribed in 6.2 since It does not control the depeh of the soil in the liquid
Timit cup. However, there ant some dats which indicate that typicaily the
liquid Jimit ix slightly incressed whea the Azl wal is used insiesd of the
curved (ool

DIMENSIONS
LETTER] A% [ [ o 7 [ H i i Y 7]
Mu sa 2 27 50 32 o 6 ) 80 150 125
a5 [ £ ol + o0.8f £ 20 + 0] 200 &+ 2.0] + 2.0
LETTER] W 7 R T R v W 7
T3 24 z8 24 a3 4t 3.0 13 6.5
+ 1.0
* ESSENTIAL DIMENSIONS Came | cam
0€GAE Eol RADIVS
D (0742 R
v DIAMETER 30 _|0.733R
CRS OR BRASS PIN 60 10764 R
T—S 90 |[OT75R
120 | 0784 R
J : (50 |OI86R
V860 |OBIBR
’ 210 |oBsan
240 | 6.901R
| 270 | G.8asR
l ] T SPHERICAL e w 309 fosran
= ~T Rabiis il at, W 330 | 0.99%R
l : —_ld 386 | 1.000R

HARD RUBBER BASE CONFORMING
TO SPECIFICATION IN 6.1.1

SOFT RUBBER CONFORMING TO
SPECIFICATION IN &.1,2

FIG. T Hand-Oparated Liquid Limit Device
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o \
MASKING TAPE APP{IED AS AD
W ADIUSTMENT OPERATION
FIG. 2 Callbration for Height-ol-Diop
DIMENSIONS
LETTER]| A% 1] cZ D¥ EE Fi
HH. 2 u 40 ] 50 2
201 |+o2)+oslter | +o.8| +ou
LETTERA[ G H J KE L3 L]
MM ] 3] 13 60 10 60 DEG| 20
MEN L +0.05|+ 10eG

% ESSENTIAL DIMENSIONS

CRACK AT LEAST 13 wi FROM TIP

WOTE & DIMENSION A SHOULD BE AP=2.0 AND DIMENSION D
TO ALLOW FGR

SHOLD BE $.0—8.1 WHEN NEW
ADEQUATE SEAVICE LIFE

=

1

1

= *

.

k T

.
—

FIG. 3 Grooving Tool (Optional Helgt-of-Brop Gage Altached)

63 Gage--A meul gage block for adjusting the height-of-
drop of the' cup, having the dimensions shawn in Fig. 4. The
design of the too] may vary provided the gage will rest securely
on the base without being susceptible 1o rocking, and the edge
which contacts the cup during adjusunent is straight, at lewst 10
mm (3 in.) wide, and without bevel or madius.

6.4 Warer Content Containers—Small corrosion-resistant
contaioers with snug-fitting lids for water content specimens,
Aluminum or stainless steel cans 2.5 cm (1 in,} high by 5 cm
(2 in.) in diameter are 2ppropriace,

6.5 Bolance, conforming to Specification D 4753, Class

iformation Handling Services, 2000

GP1 (readability of 0.01 g).

6.6 Mixzing and Storage Container—A contriner 16 mix the
20il specimen (material) and store the prepared material,
During mixing and storage, the container shall not contaminate
the material in any way, and prevenl moisture loss during
siorage. A porceclain, glass, or plastic dish about 11.4 cm
(4¥1in.) in diarneter and a plastic bag large enough to enclosc
the dish and be folded over is adequate.

6.7 Plastic Limit:

6.7.1 Ground Glass Plate—A ground glass plate ar Jeast 30

IPYRIGHT 2000 American Society for Testing and Materialg
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DIMENSIONS th MILLIMETRES
FI1G. 4 Helght-of-Drop Gage

em {12 in.) square by | cm (Y in.) thick for rolling plastic limit
threads.

6.1.2 Plasric Limit-Rotling Device (optionalt}—A device
made of acrylic conforming to the dimensions shown in Fig.
5.7 The type of unglazed paper attached Lo the top and bottom
plate {see 16.2.2) shall be such that it docs not add foreign
matter (fibers, paper fragments, ¢ic.) to the soil during the
rolling process.

6.8 Spatula-—A spatula or pill knife having a blade about 2
em (¥ in.) wide, and ebout 10 to 13 ¢m (3 10 4 in.} long.

69 Sieve(s)—A 200-mam (8-in.) diameter, 425-pm {No, 40)
sieve conforming to the requirements of Specification E 11 and

T The plastic limb-rolling device in covered by » paent (1).5, Patera Na.
5,027,660).7 Imeresiad parties wre invited o whbmit information regarding the
identif¢ation of an altcrnative(s) ko this patcnicd itcm w ASTM Headquanen, Your
comaens will yeceive carcinl considention o1 8 meetlsg &f the respomibic
-bwmmm which you muy atlend.

L. L Je and G 0. M., D i of the Pati¢ Limit
of a 30il by Mcans of 8 Rolling Device.” Grotechaica! Teming Jowrnal, GTIODI,
Yol 13, No. 3, September 1992, pp. IN4-2K7,

Dimanchons:

=100 men (4 in ), more of iess

L=200 rn {8 in ), mors of gy

T-40p—10 4 15 mm (L3 8 172 n.) or thicker, sea Nole B
Totiom-5 fwi (14 In.) or thicher

H-is the height of ihe siide reds. § LAl gl 3.7 Avn
{18 in) pla e O Nuckaasd of P ungiared paper
Mbmhwmuwummdu

wide rais. Tha lolarsnce on Whis haight & 2 1/ wen
(214180 in.}, soa Noke C.
W-Saa Mol

having a rim at Jeas! 5 em (2 in.) above the mesh. A 2.00-mm
{No. 10} sieve g the same ey may M0 be
necded

6.10 Wash Bosle, or similar container for adding controlled
amounts of water to 50il and washing fincs from coamse
particles.

6.11 Drying Oven. iher ically
the forced-drsfi type, ble of conti ly
temperature of (10 = s°C (230 = 9°F) throughout the drylng
chamber,

6.12 Washing Pan, round, fa-bottomed, at least 7.6 cm (3
in.} deep, and slightly larger at the botom than a 20.3cm
{8-in.} diameter sieve.

7. Reagents and Materials

T.1 Purlry of Warer—Where distilled water is referred 1o in
this test method, either distilled or demincralized water may be
used. See Note 7 covering the use of wp water.

Yed £

Wl
L p ,of

8, Sampling and Specimen

8.1 Samples may be Iaken from zny location thar satisfies
testing needs, However, Practices C 702, D 75, and D 420
should be used a3 guides for selecting and preserving samples
from various types of sampling operations. Samples in which
specimens will be prepared using the wet-preparation method
(10.1) must be kept pi their as-sampled water content prior o
preparation.

8.1.] Where sampling operations have preserved the nataral
stratification of & szmple, the various simta must be kept
separsied and lests performed on the panticular stratum of
interest with us linke contamination as possible from other
strata, Where a mixture of materials will be used In construc-
tion, combine the vmous components in such pmpomnns thas
the resul the actual casc.

wihout wobbling,

IB]N“MMM gt @nauph L]
hicknens the rmbed dveki & witin
mwﬁ“mmml

() Thae wichy of the sice ralis shal be batwsion 3 g &
mm (1Band 1M m ).

FIG. 5 Plastic Umh-Rolling Device

2000
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