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296 Geotechnical Laboratory Measurements for Engineers

of the time axis gives the impression that the rate fi rst increases and then decreases. 
At early times, the strain is controlled by primary consolidation, which is described 
by consolidation theory. This phase continues up to the point when the curve becomes 
log - linear. This log - linear process is secondary compression. The transition between 
primary consolidation and secondary compression is generally gradual. In theory, this 
would be a well - defi ned point in the test when the pore pressure is zero.   

 The time curve is used to determine the strain at the end of primary consolidation, 
which is a value that depends on soil behavior. The strain at the end of the increment 
depends on how long the increment remains on the specimen. The stress increment is 
usually maintained for at least one log time cycle past the time corresponding to the end 
of primary consolidation. This provides suffi cient information to properly interpret the 
measurements. The rate parameter is the coeffi cient of consolidation. The magnitude of 
deformation and the coeffi cient of consolidation are characteristics of the material. The 
details of the interpretation will be discussed later in this chapter. 

 The strain at the end of primary consolidation is plotted versus the axial effective 
stress,  σ  ′   a  , for each increment. Figure  17.3  presents results, including an unload - reload 

 Figure 17.2 Typical  “ time curve ”  
for a load increment. 
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 Figure 17.1 Photograph of 
typical incremental oedometer 
and load frame. 

!"



Índice

• Equipo de consolidación
• Calidad de muestra
• Ejemplo de ensayo
• Ensayos en suelos normalmente cons. (!"#~1.0) 
• Ensayos en suelos leve-medianam. precons. (!"# > 1.0) 
• Ensayos en suelos fuertemente precons. (!"# >> 1.0) 
• Determinación de carga de preconsolidación )´+
• Asentamientos excesivos en Aeropuerto de Kansai

(Japón)

La
b 

04
 -

co
m

pr
es

ió
n 

ed
om

ét
ric

a

2



Equipo de consolidación

• Brazo de palanca o pórtico
• Anillo edométrico, cabezal
• Piedras porosas
• Papeles filtro
• Pesas
• FlexímetroLa
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El edómetro

• Las condiciones edométricas implican: 

,- = ,/ =
∆ℎ/
ℎ2

,3 = ,4 = 0 )/, )3 6 )4 ≠ 0

• Anillo flotante: menor fricción suelo-anillo
• Anillo rígido: posibilidad de poder determinar 8
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350 Chapter 8: :. Compressibility of Soil and Rock 

8.4 ONE-DIMENSIONAL CONSOLIDATION TESTING 
When soil layers covering a large area are the be to beone-
dimensional. To simulate one-dimensional compression in the laboratory, .:.Ve compress the soil in a 
speCial device called a consolidonieter (sometimes confusingly referred to as an oedometer). Principal 
components of two types of consolidometers are shown in Fig. 8.3. . . . : .. , 
, · 'An undisturbed soil specimen, which represents· element of the. compressible soil layer under 
investigation, is carefully trimmed and placed into the confining ring. The ring is relatively rigid so that 
no iateral deformation takes place; On the top and bo'ttom of specimen are porous 
allow drainage during the consolidation process. These stones are actually discs made of sintered co 
dum or brass that is very porous. Ordinarily, the top porous stone has a diameter approximately 0.5 mm 
smaller than the ririg, so that it does not drag along the side of the ring when the specimen is being loaded. 
Usually the ratio ofthe diameter to height of the specimen is between 2.5 ·and 5, and the diameter 
depends on the diameter of the undisturbed soil samples tested. There is more trimming disturbance with 
thinner ·and to a lesser extent speCimens; on the other· hand, taller specimens 
greatersidefriCtion: Side friction can be reduced to extent by the use of ceramic or 
rings or by application of a lubricant sud{ as disulphide. . . . . , 

' In the floating-ring test [Fig. S.3(a)]the takes place from both faces of thesoil speci-
men. It can be shown (Lambe, 1951) that the ring friction is somewhat less in this test in a fixed-ring test 
[Fig. 8.3(b) ], in which all movement is downward relative to the ring. The primary advantage of the fixed-
ring test is that drainage from the bottom porous stone may be measured or otherwise controlled. In this 

. m:mner, for permeability tests may be in the consolidometer.. '. . . • . . ; 

· FIGURE 8.3 · Schematic cross-section of the 'consolidation test apparatus, 
·. or. a consolidometer: (a) floating-ring consolidometer; (b) fixed-ring 
· consolidometer (after U.S. Army Corps of Engineers •. 1986). 
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specimen equilibrated at 20 o C. The compression behavior was then  measured at 
room temperature. A third cycle was repeated at 0 o C. The measurements clearly 
show the shift in the curve due to the temperature change.    
  Fine - grained materials are sensitive to the salt concentration of the pore fl uid. 
The sensitivity increases with plasticity. Normally the consolidation test is 
 performed using distilled water. Salt water is a better option if in - situ salt con-
centrations are high, if the material is very stiff, or if the soil will be rebounded 
to high OCR values.  
  Friction between the inside of the specimen ring and the soil causes a reduction 
in the average axial stress. Using a thinner specimen reduces the amount of fric-
tion; however, a smaller specimen is less representative of the sample and has 
larger disturbance effects due to trimming and inclusions. The friction can be 
evaluated using the boundary conditions applied to the specimen, as shown in 
Figure  17.18 .   

In the fi xed specimen ring confi guration, the average applied force is given 
by Equation  17.24 :

 F F Fave d! " #H  (17.24)

For a fl oating specimen ring confi guration, the average applied force is 
given in Equation  17.25 :

 
F F

F H
ave

d! "
#

2  
(17.25)

 Where:  
   F ave   ! average applied force (N)  
   F  ! applied force (N)  
   F ′   ! interface force per height (N/mm)  
   f   ! interface friction per unit area (N/mm 2 )   

 The interface force per height is the inside perimeter of the ring multiplied 
by the interface friction per unit area. 

 The friction reduces the vertical effective stress applied to the soil and shifts 
the measured compression curve to higher stress levels. This leads to an overpre-
diction of the preconsolidation stress (Taylor,  1942 ). For normally consolidated 
soils, the ratio of the friction to the vertical effective stress is about 17 percent 
when the specimen ring is made of steel and about 7 percent when the specimen 
ring is coated with a lubricant. For overconsolidated soils, the horizontal stress 
ratios are higher, and the resulting friction ratios are much larger.  

 A correction should be applied to account for the effects of friction, or at 
the very least a lubricant should be applied to the inside of the specimen ring 
to reduce the friction effects. Friction is commonly ignored when interpreting 
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Figure 17.18 Distribution of ver-
tical force in a fl oating and fi xed 
specimen ring confi guration. 
(Modifi ed from Lambe, 1951)

(Lambe 1951  - Holtz & Kocavs)
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El edómetro
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Videos

• Ensayo consolidación
– https://www.youtube.com/watch?v=5kuw6-axQIw
– https://www.youtube.com/watch?v=-l9c697jj3E
– https://www.youtube.com/watch?v=oK1G7r13GRU

• Extracción de muestra
– https://www.youtube.com/watch?v=6HWi6iZKciU
– https://www.youtube.com/watch?v=4hCXQbkbEaI
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ADVERTENCIA: Los videos que aquí se presentan son a fines ilustrativos y tienen 
por único objetivo que el alumno/a visualice las etapas de cada ensayo.  Por 

consiguiente, no deben ser interpretados como material de aprendizaje previamente 
calificado.

https://www.youtube.com/watch?v=5kuw6-axQIw
https://www.youtube.com/watch?v=-l9c697jj3E
https://www.youtube.com/watch?v=oK1G7r13GRU
https://www.youtube.com/watch?v=6HWi6iZKciU
https://www.youtube.com/watch?v=4hCXQbkbEaI


Calidad de la muestra de suelos

• La extracción de una muestra de suelo siempre produce 
una alteración de su estructura (∆92 → ∆;<2)

• Reducir el grado de perturbación mediante el uso de 
sacatestigos aptos para obtención de muestras clase 1
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4.4. MUESTREO  
 
4.4.1. Generalidades 
 
La selección de la técnica de muestreo está regida por el objeto de la investigación, los 
requisitos en la calidad de la muestra a recuperar y por las características propias del 
material a investigar.  
 
Las cuatro técnicas principales para la obtención de muestras son:  
 

(a)  recuperación del detrito producido por la perforación. 

(b)  obtención de la muestra por penetración de un sacatestigo de extremo abierto o 
de tubo partido por hinca estática o dinámica. 

(c)  muestreo mediante corona sacatestigos hueca que avanza por rotación mientras 
el testigo penetra dentro del cuerpo. 

(d)  extracción de una dama perfilada dentro de una calicata, pozo o galería. 

 
La clasificación basada en la calidad de las muestras obtenidas se describe en el artículo 
4.4.2.  
 
La descripción de las técnicas de muestreo y la calidad de las muestras se especifican en 
los artículos 4.4.4. a  4.4.10.  

 
4.4.2. Calidad de las muestras 
 
El procedimiento de muestreo estará regido por la calidad de muestras requerida y esta, 
a su vez, dependerá de los parámetros a medir mediante ensayos de laboratorio. La 
Tabla 4.1. clasifica la calidad de las muestras respecto a las propiedades que pueden ser 
determinadas en forma confiable durante los ensayos de laboratorio.  
 
Tabla 4.1. Propiedades que pueden ser determinadas según la calidad de la 
muestra de suelos 
 

Calidad  Propiedades que pueden ser determinadas de manera confiable  
Clase 1 Clasificación, humedad natural, pesos unitarios, parámetros de resistencia, 

rigidez y consolidación 

Clase 2 Clasificación, humedad natural y pesos unitarios 

Clase 3 Clasificación y humedad natural 

Clase 4 Clasificación 

Clase 5 Ninguna. Unicamente  para determinar la secuencia estratigráfica 

 

 
 
Reglamento Argentino de Estudios Geotécnicos                                                                          Capítulo 4 - 21  

Reglamento CIRSOC 401 – tabla 4.2



Calidad de muestra: sacatestigos de 
Pistón Fijo y tubos shelby

• Tubos de pared delgada
• Apto en suelos blandos
• Reducida alteración
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Muestra extraída con Pistón Fijo

Tubo Shelby (f=70mm)

Sacatestigo de Pistón Fijo



Calidad de muestra: sacatestigo de 
Pistón Fijo, tubos shelby y damas

• Tubos Shelby: presión mecánica
• Pistón Fijo: presión neumática
• Damas: extracción superficial en forma 

manual, prácticamente “inalterada”
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AOSA S.A.

Tacuarí 1184 - C1071AAX – Buenos Aires

DIMENSIONES

OLOR ?

FILTRACIONES ?

NIVEL FREÁTICO

PAREDES ESTABLES ?

OBSERVACIONES

PROF.
0.00m - 0.10m Suelo vegetal, color rojizo claro.

0.10m - 2.70m Arcilla arenosa, color rojizo.

SI

-

DESCRIPCIÓN PERFIL
FOTO MATERIAL

CALICATA
DESCRIPCIÓN GENERAL

3.80m x 1.35m x 2.70m (prof.)

NO

NO

NO

Calicata a cielo abierto para extracción de dama



Un resultado de ensayo

• 7 escalones de carga y 3 de descarga (LIR= 0.5-0.8) 

La
b 

04
 -

co
m

pr
es

ió
n 

ed
om

ét
ric

a

10

0.00 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0 0 0 1 10 100 1000 10000 

 mm!

log$t$(seg)$
0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0 1 10 100 1000 10000 100000 

!mm!

log$t$(seg)$

0.00 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

0.80 

0 1 10 100 1000 10000 100000 

!mm!

log$t$(seg)$
0.00 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

0 1 10 100 1000 10000 100000 

 mm"

log$t$(seg)$

13 kPa 23 kPa

78 kPa44 kPa

DH=0.48-0.0=0.48mm

t50=660seg



Un resultado de ensayo
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Un resultado de ensayo

• 7 escalones de carga y 3 de descarga (LIR= 0.5-0.8) 

• Planilla de resultados
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Universidad de Buenos Aires - Facultad de Ingeniería

Lab. Materiales & Estructuras - Área Mec. De Suelos

6m
Fecha: Condiciones higrotérmicas: T= 27º +/- 2º ; HR= 75 - 85%
Operador: Normas de trabajo: ASTM D1587, D2216, D2435, D2487

USCS: CH Gs : 2.71 #200 : 100 LP: 35 LL: 88

Extracción de muestra por avance de pistón. Tipo de edómetro: anillo flotante
Tallado perimetral y en altura con herramientas de corte manuales. Medición de deformación: transductor LVDT, precisión +/-0.006mm

σ´ ΔH ΔHac H Δe e H/2 ~ t 50 Cv av mv k
(kPa) (mm) (mm) (H o-ΔHac) (ΔHac/Hs) (eo-Δe) (mm) (seg) (cm2/seg) (kPa-1 ) (kPa-1 ) (cm/seg)

2 0.27 0.27 16.23 0.05 1.79
13 0.48 0.75 15.75 0.13 1.71 7.87 660 1.85E-04 7.79E-03 2.88E-03 5.22E-08
23 0.41 1.16 15.34 0.20 1.64 7.67 850 1.36E-04 6.76E-03 2.56E-03 3.43E-08
44 0.61 1.78 14.72 0.31 1.53 7.36 750 1.42E-04 5.06E-03 2.00E-03 2.79E-08
78 0.63 2.41 14.09 0.41 1.42 7.04 950 1.03E-04 3.21E-03 1.33E-03 1.34E-08

130 0.80 3.21 13.29 0.55 1.28 6.64 1100 7.90E-05 2.64E-03 1.15E-03 8.95E-09
209 0.69 3.90 12.60 0.67 1.17 6.30 1050 7.45E-05 1.51E-03 6.95E-04 5.08E-09
313 0.68 4.58 11.92 0.79 1.05 5.96 1000 7.00E-05 1.12E-03 5.49E-04 3.77E-09
209 -0.048 4.53 11.97 0.78 1.06 5.98 - - - - -
78 -0.23 4.30 12.20 0.74 1.10 6.10 - - - - -
26 -0.27 4.03 12.46 0.69 1.14 6.23 - - - - -

NOTA: Se alcanzó la consolidación primaria en todos los escalones de carga.

Cc 0.62
e0 1.84 - ef 1.17 - Cr 0.087
ω0 67.84 % ωf 43.10 % Cv 8.2E-05 cm2/seg

γ d 0 9.20 kN/m3 γ d f 12.05 kN/m3 k 5.9E-09 cm/seg
Sr0 100.21 % Srf 100.23 % pc - kPa

ENSAYO DE CONSOLIDACIÓN UNIDIMENSIONAL S2
Procedencia:  Av. Costanera Punta Lara, Ensenada

14/11/2013 al 25/11/2013
-

PRESIÓN EFECTIVA (log) - REL. VACÍOS COEF. CONSOLIDACIÓN - REL. VACÍOS

Material ensayado:

Precarga (seating pressure)

DATOS MUESTRA ENSAYADA
INICIALES FINALES

PARÁMETROS

PREPARACION MUESTRA Y PROCEDIMIENTO

RESULTADOS DE CADA ESCALÓN DE CARGA
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Un resultado de ensayo

• xxx
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Universidad de Buenos Aires - Facultad de Ingeniería

Lab. Materiales & Estructuras - Área Mec. De Suelos

6m
Fecha: Condiciones higrotérmicas: T= 27º +/- 2º ; HR= 75 - 85%
Operador: Normas de trabajo: ASTM D1587, D2216, D2435, D2487

USCS: CH Gs : 2.71 #200 : 100 LP: 35 LL: 88

Extracción de muestra por avance de pistón. Tipo de edómetro: anillo flotante
Tallado perimetral y en altura con herramientas de corte manuales. Medición de deformación: transductor LVDT, precisión +/-0.006mm

σ´ ΔH ΔHac H Δe e H/2 ~ t 50 Cv av mv k
(kPa) (mm) (mm) (H o-ΔHac) (ΔHac/Hs) (eo-Δe) (mm) (seg) (cm2/seg) (kPa-1 ) (kPa-1 ) (cm/seg)

2 0.27 0.27 16.23 0.05 1.79
13 0.48 0.75 15.75 0.13 1.71 7.87 660 1.85E-04 7.79E-03 2.88E-03 5.22E-08
23 0.41 1.16 15.34 0.20 1.64 7.67 850 1.36E-04 6.76E-03 2.56E-03 3.43E-08
44 0.61 1.78 14.72 0.31 1.53 7.36 750 1.42E-04 5.06E-03 2.00E-03 2.79E-08
78 0.63 2.41 14.09 0.41 1.42 7.04 950 1.03E-04 3.21E-03 1.33E-03 1.34E-08

130 0.80 3.21 13.29 0.55 1.28 6.64 1100 7.90E-05 2.64E-03 1.15E-03 8.95E-09
209 0.69 3.90 12.60 0.67 1.17 6.30 1050 7.45E-05 1.51E-03 6.95E-04 5.08E-09
313 0.68 4.58 11.92 0.79 1.05 5.96 1000 7.00E-05 1.12E-03 5.49E-04 3.77E-09
209 -0.048 4.53 11.97 0.78 1.06 5.98 - - - - -
78 -0.23 4.30 12.20 0.74 1.10 6.10 - - - - -
26 -0.27 4.03 12.46 0.69 1.14 6.23 - - - - -

NOTA: Se alcanzó la consolidación primaria en todos los escalones de carga.

Cc 0.62
e0 1.84 - ef 1.17 - Cr 0.087
ω0 67.84 % ωf 43.10 % Cv 8.2E-05 cm2/seg

γ d 0 9.20 kN/m3 γ d f 12.05 kN/m3 k 5.9E-09 cm/seg
Sr0 100.21 % Srf 100.23 % pc - kPa

ENSAYO DE CONSOLIDACIÓN UNIDIMENSIONAL S2
Procedencia:  Av. Costanera Punta Lara, Ensenada

14/11/2013 al 25/11/2013
-

PRESIÓN EFECTIVA (log) - REL. VACÍOS COEF. CONSOLIDACIÓN - REL. VACÍOS

Material ensayado:

Precarga (seating pressure)

DATOS MUESTRA ENSAYADA
INICIALES FINALES

PARÁMETROS

PREPARACION MUESTRA Y PROCEDIMIENTO

RESULTADOS DE CADA ESCALÓN DE CARGA
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¿La muestra está normalmente consolidada o preconsolidada?



Ensayo de consolidación (CRS)
Incremento constante de deformación

• Mide la carga aplicada para un 
incremento constante de 
deformación. (ASTM D 4186)

• Permite saturar la muestra y 
medir las presiones de poro a 
medida que se realiza el 
ensayo.

• Al conocer las presiones de 
poro, podemos determinar la 
tensión efectiva

• Lleva menos tiempo
• Es más costoso
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Curvas de consolidación para suelos 
normalmente consolidados

• Campana, Bs As
• suelos del Pospampeano

(arcillas plásticas), origen fluvial
• !"#~1.0
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depth: 15.3 - 19.4m
USCS: CH
e0=      1.89 - 2.08
w0=     71.6 - 76.4%
Cc=      0.60 - 0.88
Cr=      0.12 - 0.19



Curvas de consolidación para suelos 
leve-median. preconsolidados

• valle inferior río Mississippi, USA
• 1.0 < !"# < 1.5

• preconsolidación por ciclos de 
humedecimiento y secado 
durante deposición 
(∆@ → ∆)´)

• observar muestra 12La
b 

04
 -

co
m

pr
es

ió
n 

ed
om

ét
ric

a

16

358 Chapter 8 Compressibility of Soil and.Roc:k .. :. 
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13 -26.2 CH-clay w/silt strata 71 28 43 43.3 1.17 340 290' 0.52' 

',(a),; '.)·;; 

·FIGURE 8.9(a) Nearly normally consolidated clays and silts {after Kaufman and Sherman, 1964): 
'\:,':·.;j •.. f 

(after Kaufman & Sherman, 1964)
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Curvas de consolidación para suelos 
fuertemente preconsolidados

• suelos de origen glaciar (tills), Canadá
• !"# > 4.0 − 5.0

• observar valores 92 (muy bajos)
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8.6 Consolidation Behavior of Natural and Compacted Soils · 359 

Consolidation curite:· 
Unoxidized Floral formation 

sample from 
test hole No. 5 Sandy clay: 

LL=27 
PL = 14 
PI= 13 · 0 
Wn= 11.% 
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.. .. Consolidation curve: 
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FIGURE 8.9(b) Overconsolidated daytills(afi:er M-acDonald and Sauer, 1970). 
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. FIGURE 8.9(c) . Overconsolidated clay tills,' showing effects of different types of sampling (after Soderman 
and Kim;,1,970). ' , ' 1 
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Curvas de consolidación de 
arcillas Ciudad de Méjico

• presencia de alófanas y microfósiles 
en su estructura mineral

• 92 > 10 , "C > 1.0 ‼!

• elevada compresibilidad "C en rama 
normalmente consolidada
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8.6 Consolidation Behavior.of.Natural and Compa.cted Soils · 361 

14.5 r-r--r-rrrrrr---,--r"""T""l..,.,..,-rr-----r--,--r-rTT"T,-----r--,---.--

14.0 1-----o-_...._ 

13.5 f----o-__..__ 

\ . 
\ 
\ 
\ 
\ .. 

Note: Time interval .· · \ 
between load increments, 
= 4 days \ 

\ 
CP4 remolded \ 

\ 

• Effective consolidation stress, 
. (e) . 

FIGURE 8.9(e) Mexico City clay (after Rutledge, 1944). 
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. FIGURE 8.9(f) Chicago and Indiana glacial clay (after 
Rutledge, 1944). 

(Rutledge, 1944)



Curvas de consolidación para suelos 
colapsibles

• Suelos loéssicos cuenca 
del río Missouri, USA

• Distinto comportamiento 
para condición saturada y 
no saturada

• Similar comportamiento 
para condición saturada y 
carga > 600 kPa

• ¿ Es conveniente saturar 
previamente el terreno?
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• FIGURE 8.9(h) . Loessial soils from the Missouri River Basin, showing effect of prewetting " 
on consolidation. Note the drastic reduction in the void ratio when the low natural water 
content soil is wetted (after Clevenger, 1958). · ' 
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Factores que afectan la determinación 
de carga de preconsolidación )´#

• Escalonamiento de carga (FG#)
• Duración de carga (H)
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FIGURE 8.15 Factors affecting the laboratory determination of a;,: (a) effect of sample disturbance;, (b) effect 
of load increment ratio; (c) effect of load increment duration (after Brumund et al., 1976). '' 
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Factores que afectan la determinación 
de carga de preconsolidación )´#

• Calidad de muestra
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360 Chapter; 8 
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Compressibility of Soil and Rock . , 

A sensitive marine clay: :. 
LL = 56 PL =· 29 . 
PI,;, 27 Wn = 78% 

"',·l 

Effective consolidation stress, (kPa) 
(d) 

FIGURE 8.9(d) Leda clay (after Quigley and Thompson, 1966). 

The effects.of sample disturbance on claytills are shown in Fig. 8.9(c). Note how the consolidation 
curves move downward and to the left (see Fig. 8.8) as disturbance increases (Soderman and Kim, 1970). 

Compression curves for another .Canadian clay, a sensitive marine clay called Laurentian or 
Leda clay, are shown in Fig. 8.9(d) (Quigley and Thompson, 1966). Botli.theundisturbed and remolded 
curves are shown. The very sharp "break" or drop-off in the undisturbed curve at the preconsolidation 
stress is typical of highly sensitive clays. Until then the compression curve is very flat, but once this 
"critical" or yield stress is reached, the soil structure breaks down quickly and dramatically.' : . 

Figure 8.9(e) shows the consolidation characteristics of Mexico City clay (Rutledge, 1944). Tiiis 
sediment is not a mineral-based clay but is composed primarily of microfossils arid diatoms. The porous 
structure of the fossils gives the soil a very high' void ratio, natural water content, and compressibility. 
Mexico City clay was previously thought to be c6mposed primarily of volcanic ash that weathered ·to 
allophane·(Chapter 4), since it is appears in X-rays. Also, see-how the compression 
increases markedly after the stress is reached. As expected, remolding aimost com-
pletely destroys the preconsolidation effect (see the dashed curve). · . : 

Figure 8.9(f) shows the consolidation curves for two typical glacial lake clays (Rutledge, 1944). 
Both of these clays are rather silty and have much lower in situ void ratios and natural water contents 
than either the Leda or Mexico City clays. . · 

Highly expansive or swelling clays from the southwest United States have compression curves 
.. like those shown in Fig. 8.9(g). Soils in both tests started out at about the same void ratio and water 

content. Both were initially loaded so that the void ratios remained constant. Then the sample marked 
(1) was loadedincrementally and continuously in the conventional manner; the other was repeatedly 
rebounded and reloaded. Notice how much rebound (swell) occurred and also that the cyclic test 
marked (2) had essentially the same C()mpression characteristics as the conventional test. These vari-
ations probably occurred because the"samples had a long history of alternate wetting mid drying 
(desiccation) that caused the soils to be heavily overconsolidated (Chapter 6 and Table 8.1). 

(after Quigley & Thompson, 1966)



Determinación de carga de 
preconsolidación )´#

• Método clásico: construcción gráfica (Casagrande)
• Método alternativo: cálculo de energía de deformación 

IJ = K)/L,/ + )3L,3 + )4L,4 = K)/L,/ ~ N
OP/

J
)O + )OQ/

2
ST
1 − UOQ/
1 − UO
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!$, &$: tensión-deformación 
escalón de carga actual

!$'", &$'": tensión-deformación 
escalón de carga anterior



Aeropuerto de Kansai (KIA)

• Ubicado en la Bahía de Osaka
• Islas artificiales de 1.25 x 4km, 

5km de distancia a la costa
• Profundidad media aguas: 18m
• 5 años de construcción para fase I 

( Ene 1987 – Dic 1991)
• Se registraron asentamientos no 

previstos antes y durante la 
construcción

• Fuerte impacto económico y 
retraso del proyecto
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Chapter 2 

Unexpected Excessive Settlements:  

Kansai International Airport, Japan 

2.1 Case Description 

2.1.1 Introduction 
Kansai International Airport (KIA) in Osaka Bay, Japan (Fig. 2.1a) was singled 
out by the American Society of Civil Engineers as one of the “Monuments of the 
Millennium” – a designation awarded to the ten civil engineering projects deemed 
to have had the greatest positive impact on life in the 20th century. This is an even 
more remarkable achievement, considering that the first phase of the airport 
construction experienced some problems which, in a broader sense, could be 
characterized as a geotechnical failure. Built on a 1.25 km u  4 km man-made 
island (Fig. 2.1b), 5 km offshore at an average water depth of 18 m, this first phase 
experienced unexpected excessive settlements. These settlements were not 
correctly predicted either before or during the construction and caused delays, 
considerably increasing the cost of the 14 billion dollar project. 
 

  

(a) (b) 
 

Figure 2.1 Kansai International Airport (Google Earth ©): (a) Osaka Bay; (b) the islands of 
Phase I and Phase II.  

2.1.2 Construction 
Construction of the first phase island of Kansai International Airport started in 
January 1987 and finished in December 1991. Construction of the airport facilities 
followed and the airport began operations in September 1994. In the five years of 
the island’s construction, more than 180 million m3 of granular fill with a height 
of about 33 m were placed on the seabed, which consists of more than 1,200 m of 
sediments (Fig. 2.2). Only the upper 160 m, however, are considered to be 

Phase I 

Phase II .A 
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Bahía de Osaka, Japón



Aeropuerto de Kansai (KIA)

• Isla artificial fase I
– Instalación de drenes verticales en lecho
– 180M m3 relleno granular en 33m altura
– Consolidación de lecho (arcillas y arenas intercaladas)
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Chapter 2 Geomechanics of Failures 25 

compressible: the top 20 m are soft alluvial Holocene clays (Ma13), followed by 
the alternation of sand and clay layers of Pleistocene origin (Ma 7 � 12, “Ma” 
stands for marine clay). 

 

 
 

Figure 2.2  The soil profile of the seabed (after Akai et al., 1995; Akai and Tanaka, 1999: 
© 1999 Taylor and Francis Group. Used with permission; KALD, 2009): dark layers-sand, 
white-marine clays Ma7�Ma13. 
 

The construction process included the following stages. First, the top 20 m of 
the seabed (Holocene clays) were treated within the design island area by 
installing vertical sand drains to accelerate compaction under the backfill. Next, 
the perimeter seawalls were built (Fig. 2.3). Subsequently, the land reclamation 
took place, in which the granular fill, taken from a number of excavations in the 
Osaka area (they practically levelled a couple of large hills), was placed within the 
seawalls up to a depth of about 3 m below the water level using bottom-dump 
barges. The final step was accomplished by means of four large barges, anchored 
inside the seawalls, which transferred the fill brought by the smaller barges from 
across the bay, to bring the island to the required 4 m above the water level. This 
height is to guarantee that the airport will not be swamped by high tides brought 
by typhoons that hit the coast of Japan every September. 
 

 
 

Figure 2.3 The cross-section of a seawall (after KALD, 2009). 
(after KALD 2009)

Lecho tratado con 
drenes verticales

Lecho tratado con 
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Aeropuerto de Kansai (KIA)

• Perfil geotécnico (C Holoceno – C+S Pleistoceno)
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Aeropuerto de Kansai (KIA)

• Los 20m de arcillas del Holoceno alcanzaron 
prácticamente U=90% durante la construcción (descenso 
final aprox. 6m) debido a la presencia de drenes verticales

• No se instalaron drenes verticales en el horizonte de 
arcillas del Pleistoceno

• Modificación del proceso de colocación del relleno
• Para 1999, se registraron asentamientos inmediatos de 1m 

seguidos de 5m adicionales, los cuales continuaban a 
razón de un avance de 15cm por año

• El excesivo asentamiento de las arcillas del Pleistoceno 
disparó una revisión de los cálculos originales
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Aeropuerto de Kansai (KIA)

• Evolución de asentamientos del Pleistoceno (punto A)
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26 Geomechanics of Failures Chapter 2 

Two important notes on the construction process: (1) no measures have been 
taken to accelerate the consolidation settlements in the lower (Pleistocene) clay 
strata, due to its considerable depth (instead, a special effort was made to predict 
the settlements as accurate as possible); (2) once the final step was complete, there 
was no way to add the fill on top of the island using the same method. The 
problem was that the barges could not enter the island’s interior anymore. 
Combination of these two factors shows that the planning and design processes 
did not allow for the risk of extra settlement due to consolidation of the 
Pleistocene clay strata. No construction process was devised which could cope 
with these settlements. 

2.1.3 The history of settlements  
Thanks to the vertical drains, the top 20 m of the Holocene clay reached almost 
90% of its final 6 m settlement during the construction (Handy, 2002). These 
settlements were accounted for in the design, being compensated by an additional 
6 m thick layer of fill and additional height of the seawalls. What was apparently 
not fully accounted for were the excessive settlements of the Pleistocene clays and 
their slow accumulation in time (Fig. 2.4). By 1999, immediate settlements of 
about 1 m magnitude were recorded followed by additional 5 m of settlement and 
continue to increase at a rate of about 15 cm per year. Adding extra layers of fill 
during the construction compensated only for immediate settlements and a small 
part of the consolidation settlement of the Pleistocene sediments.  
 

 
 

Figure 2.4 Settlements of the island (at point A in Fig. 2.1b) due to consolidation of 
Pleistocene clays (after Endo et al., 1991; Akai and Tanaka, 1999: © 1999 Taylor and 
Francis Group. Used with permission).  
 

The original design did not anticipate these developments. As soon as it was 
clear that the Pleistocene clays were the source of these excessive settlements, 
attempts were made to re-evaluate them as shown in Figure 2.4 (Endo et al., 
1991). These attempts were based on field measurements at the beginning of the 
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Aeropuerto de Kansai (KIA)

• Principales factores que afectaron la predicción del 
cálculo de los asentamientos:
– Consolidación tridimensional inmediata de los estratos 

de arena (bajo confinamiento lateral)
– Lentes arenosas no actuaron como horizontes 

drenantes en las arcillas del Pleistoceno (mayores 
tiempos de consolidación o disipación de presión 
poros)

– Importante magnitud de consolidación secundaria de la 
arcilla del Pleistoceno

– Variabilidad espacial de los parámetros geotécnicos
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Aeropuerto de Kansai (KIA)

• Recálculo de asentamientos del Pleistoceno (140m)
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 � � � � � �> @ � � � �1 1 1 1 14 2 4 ;I t t t t tU  U � U � U  U � U  
- Draw two tangential lines to straight portions of the primary consolidation 

and secondary compression curves. Their intersection defines infIU � U . 
Using IU  found above, this gives inf ;U  

- the slope of the tangent to the secondary compression curve is ;CD  
- the point on the curve with � �50 inf 2ItU  U � U , at which the first half of the 

final consolidation settlement was reached ( 0.5mU  ), gives 50t , so that 
2

500.196vc d t (see Fig. 2.6b). 

2.3 The Analysis 
The one-dimensional theory presented above provides tools for a simplified 
analysis of the unexpected excessive settlements of Kansai International Airport. 

2.3.1 Simplified model 
The upper clay layer in Figure 2.8a (Holocene Clay MA13) consolidated very 
quickly thanks to the vertical drains and its settlement is assumed to be immediate. 
The nine upper Pleistocene clay layers, sandwiched between the ten sand layers 
(KALD, 2009) are assumed, for simplicity, to have the same thickness H = 12.0 m 
(Fig. 2.8b). 
 

 
 

 (a) (b) 
 

Figure 2.8 Upper Pleistocene soil profile: (a) real (after Akai and Tanaka, 1999: © 1999 
Taylor and Francis Group. Used with permission); (b) simplified.  
 

(after KALD 2009)

Modelación de cálculo 



Aeropuerto de Kansai (KIA)

• Recálculo de asentamientos del Pleistoceno (140m)
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34 Geomechanics of Failures Chapter 2 

 
As mentioned in Section 2.1.2, as soon as it became clear that the Pleistocene 

clays are the source of excessive settlements, attempts were undertaken to make a 
prediction of their future developments. One of these predictions, by Endo et al. 
(1991), provided an analytical solution, shown in Figure 2.4 by a solid line. Our 
simplified model will reproduce this solution if the following assumptions are 
made with respect to the geometry and material properties: 

- the height of the 4.0 kmu 1.25 km island above the seabed is h = 33 m, out 
of which hw = 29 m are below the sea level; 

- the unit weights of soil are islandJ = 21 kN/m3, 3

seabed 18 kN/mJ  ;  
- the overconsolidation ratio OCR of Pleistocene deposits grows linearly 

with depth (Akai et al., 1995), therefore the lower Pleistocene clay remains 
overconsolidated in the process of land reclamation and can be considered 
incompressible; 

- the Pleistocene clay is considered to be normally consolidated with 
consolidation parameters e0 = 1.5, Cc = 0.6, cv = 71.67 10�u m2/s roughly 
corresponding to the results of consolidation tests (Fig. 2.9); 

- the upper Pleistocene clay of total thickness H = 108 m is built of nine 12 
m thick sublayers interlaid by eight 4 m thick sand drains so that the 
average length of the vertical drainage path d = 6.0 m; 

- sand layers are also present at the lower and upper boundaries of the 108 m 
thick Pleistocene clay layer;   

- neither an initial settlement nor a settlement due to the secondary 
compression were considered. 

2.3.2 The original prediction 
In this section, using our simplified model, we reproduce the original prediction of 
Endo et al. (1991) represented by the solid curve in Figure 2.4. 

The Ma13 Holocene Clay layer consolidated before the end of construction. 
This immediate settlement was approximately 6 m, and its increase in time is 
insignificant. 

The final settlement due to consolidation of the Pleistocene clay layers can be 
calculated using formula (2.3) for each of the nine clay layers and summing their 
settlements: 
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where � � � �island island 21 4 11 29 403 kPa;w w wh h h'V  J � � J � J  u � u   

  0 seabed 8i iD Dc cV  J     is the geological stress; 

� �31 m 16 m 1iD i � � �  is the depth of the center of the i-th clay layer 
from the seabed surface. 
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Aeropuerto de Kansai (KIA)

• Recálculo de asentamientos del Pleistoceno (140m)

• Asentamiento total en superficie (Holoceno + Pleistoceno)
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The latter ratio of 0.057 is reasonable but somewhat high for clays, most 
probably due to the phenomenon of destructuring of aged clays, observed by Akai 
and Tanaka (1999) for the upper Pleistocene clays.  

The corrected prediction (Eqs. (2.12) � (2.14)), accounting for the secondary 
compression with tp = 1,800 days and CD� ������, is shown in Figure 2.12b. This 
prediction gives an excellent fit to the settlement data measured so far, considering 
the enormous simplifications which were introduced into the model. 

2.3.6 Total predicted displacement  
Assuming 50 years for the airport lifetime, we obtain the creep settlement: 
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The total predicted displacement (after 50 years) for the Pleistocene layer then 
becomes:  

 inf
Pl
T I SU  U � U � U =0.9 + 5.6 +1.5 = 8.0 m. 

Adding the settlement of the Holocene clay layer, we obtain (Fig. 2.13):  

 TU = 8.0 + 6.0 = 14.0 m. 

The latest prediction of the 50 years settlement (Akai and Tanaka, 2005) is 
14.3 m. If the design of the island was produced using the originally predicted 
11.6 m settlement, the planned 4 m embankment over the sea level would, over 
the years, become reduced to just 1.6 m. This would not be sufficient to withstand 
the high tides brought by typhoons. 
 

 
 

Figure 2.13 Comparison between the original and updated predictions of the total 
settlement. 
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Aeropuerto de Kansai (KIA)

• Evolución de asentamientos esperada en 50 años
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and Tanaka (1999) for the upper Pleistocene clays.  
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Aeropuerto de Kansai

• Se dispusieron gatos hidráulicos en las columnas de la 
estructura de los edificios para compensar los 
asentamientos que actualmente siguen evolucionando
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the fact that by October 2003 the maximum correction height has reached for 
some columns almost 60 cm, the differential settlement criteria had not been yet 
satisfied. The maximum differential settlement between the center of the main 
building and the lowest columns of the south wing building was 95 cm, resulting 
in the maximum inclination of the dashed line of 1 450,T  which exceeds by far 
the design limit of 1 600T   for local distortion angle of the roof structure of the 
wings.  

 

 
 

Figure 2.14 The passenger terminal building (after Akai and Tanaka, 2005: © 2005, IOS 
Press, used with permission): (a) outline; (b) settlement profiles along the longitudinal line. 

2.5 Lessons Learned 

2.5.1 High level of indeterminacy 
The major problem with large-scale land reclamation projects is that it is almost 
impossible to provide an accurate prediction of the rates of settlement based solely 
on the results of site investigation and laboratory consolidation tests. The major 
reasons for that are large spatial variability of soil properties and drainage 
geometry and the fact that laboratory tests often produce values of the coefficients 
of consolidation and secondary compression within two orders of magnitude (i.e. 
102) from the field values – with the field exhibiting more pervious behaviour. 
Therefore, such estimates can only be used as initial conditions for design.  

2.5.2 Immediate settlements  
Immediate settlements in saturated clay layers in a one-dimensional problem 

(Akai & Tanaka 2003)
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