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Water will find its way through every theory 
S. Frydman 

Faculty of Civil & Environmental Engineering, Technion, Haifa, Israel 

 
ABSTRACT:  Case studies are presented of failures which occurred in a number of earth dams, a desalination 

plant, and the slope of a housing construction site. In all cases it was assumed that the designs guarded against 

the possible dangers of water penetration, but in all cases the assumptions were proved wrong. It is often difficult, 

or impossible, to define, for sure, the initial source of failures which occur due to water penetration, since erosion 

usually destroys any evidence which might have existed. Furthermore, important information regarding the initial 

conditions of the soil may not always be available. The paper includes reference to some cases in which such 

information was not available, and the steps which were taken in order to make best estimates and reach 

reasonable conclusions as to the causes for the failures.  
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1 INTRODUCTION 

Geotechnical failures often result from a lack of 

sufficient awareness of the danger of  penetration 

and flow of water into the geotechnical structure, 

or from unsatisfactory design to prevent this. 

Case studies of failures of several earth dams, 

a desalination plant, and the slope of a housing 

construction site are presented here to illustrate 

the danger of underestimating the principle that 

water will find its way through every theory. 

2 EARTH DAMS 

2.1 Alonim Reservoir 

The reservoir was built in 1977 to store 260,000 

cu. m of surface runoff. The embankment was 

constructed with a uniform cross-section, from a 

local, heavy clay composed mainly of calcium 

montmorillonite, with an embankment height of 

10m, an inner slope of 1:4 and an outer slope of 

1:2.5. It was assumed that the compacted clay 

would guard against intrusion of reservoir water. 

A slide occured along a 35 m length of the 

downstream slope in April, 1983. A surveyed 

cross-section of the failure zone is shown in 

Figure 1. 

 
Figure 1. Alonim reservoir cross-section 

Four boreholes were drilled in July, 1983; 

locations of two of them are shown in Figure 1. 

All of the boreholes showed that the soil profile 

consisted of heavy clay (CH) containing 0 – 20% 

gravel. However, in borehole 1, ata depth of 4.3 

m, corresponding to an elevation of  90.0 m, a 

layer of yellow-brown marly soil, classified as 

clayey sand (SC), 0.3 m thick, was encountered. 

On subsequent excavation as part of the 

corrective works, this layer was seen to extend to 

the inner face of the embankment, but it was not 

found in borehole 3.Water level in the reservoir 

during drilling of the boreholes was 92.2 m. 



C.3 - Floods, erosion and scours 

 

ECSMGE-2019 – Proceedings 2 IGS 

Water was encountered in both  boreholes 1 and 

3 at elevation 90.0 m, where a high moisture 

content of 46% was found, compared to between 

30% - 40%  in the rest of the boreholes.  

Slope indicators were installed in boreholes 1 

and 3; Figure 2 shows the movements observed 

in borehole 1 in the direction of sliding. It is noted 

that even 3 months after occurence of the slide, 

significant movement was still occuring in the 

upper 4 m. Maximum movement was observed at 

a depth of about 2.5 m – i.e an elevation of about 

90.5 m. 

 
Figure 2. Slope indicator measurements at Alonim 

The above evidence indicates clearly that the 

failure was a result of water penetration into the 

SC layer, probably delivered to the site, 

unintensionally, in one truckload of borrow 

material. Two major conclusions result from this 

case history: 

(a) Double protection (belt and suspenders) 

measures should be applied to safeguard against 

water penetration in earth dams. Laboratory tests 

and stability analyses showed that if, in addition 

to relying on the impermeability of the heavy clay 

fill a chimney drain had been included near the 

embankment crest, so preventing development of 

high pore pressure in the downstream zone, 

failure would not have occured.  

(b) Movement on slope slip surfaces continue 

for considerable time following failure, and may 

be observed with slope indicator measurements.  

2.2 Ashalim dam 

The Ashalim dam was built in 1981 as part of a 

scheme to protect the site of Dead Sea area from 

flash floods in the Waadi Ashalim in the west. 

This it did by impounding the floods and 

releasing them more slowly. In December 1993, 

a large flood occurred. The reservoir filled 

rapidly and its level rose 4 m higher than it had in 

previous events, to about 0.6 m below the invert 

level of the spillway; there was no overtopping. 

At this point there was a sudden and complete 

collapse of the dam; Figure 3 shows the breach.  

 

Figure 3. Breach in the Ashalim dam 

The cross section of the dam is shown in Figure 

4. It was built with a central core of Lisan marl, a 

fine grained, low permeability, medium plasticity 

soil (CL-CH), and outer upstream and 

downstream shells of local wadi gravel.  

 
Figure 4. Ashalim dam – cross section 

It was assumed by the designers that the wadi 

gravel would act as a downstream filter to the 

Lisan marl. Fig. 5 shows a typical gradation 

curve of the gravel; the Lisan marl passes the 

200# sieve (0.075 mm), and has an 85% particle 

size, according to hydrometer tests,  varying  

between 0.005 – 0.05 mm.  

 

 
 

. 
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Figure 5. Gradation of Ashalim wadi gravel 

Sherrard and Dunnigan (1989) proposed that in 

order to perform satisfactorily and prevent loss 

of the fine soil through the filter, the 15% size, 

D15, of the filter material should be less than 

between 7–12 times the 85% size, d85, of the fine 

soil. In the present case, D85 = 0.45 mm, equal to 

0.9 – 9 times d15. Consequently, if upstream 

water reached the downstream of the core, it is 

likely that zones of internal erosion could have 

developed, propagating backwards, and causing 

failure of the dam. It is likely that the source of 

the failure was the development of cracks due to 

hydraulic fracturing in the core, as a result of the 

high pore pressures developed during the rapid 

water level rise upstream. It is worth noting the 

following statement by Sherrard (1986): “There 

is now sufficient evidence to conclude that 

concentrated leaks occur commonly through the 

impervious sections of embankment dams by 

hydraulic fracturing without being observed, 

even in dams which are not subjected to 

unusually large differential settlement.“  

As in the case of the Alonim reservoir, this 

failure could have been prevented by using the 

“belt and suspenders” approach, and including a 
chimney drain in the design to collect and 

remove leakage before it penetrated the core.  

2.3 Nahal Oz Reservoir 

The Nahal Oz reservoir, constructed close to the 

GazaStrip in the south of Israel and designed to 

store about 2.5 million cubes of water, failed  

 
Figure 6. Breached embankment of Nahal Oz 

reservoir 

during its first filling in March, 2001. The 

breached embankment is shown in Figure 6. The 

reservoir was designed and constructed with a 

homogeneous embankment made from local soil 

and sealed with a high density polyethylene 

membrane liner. In fact, the embankment was far 

from homogeneous, the local soils used in 

construction varying from clay to silty sand; 

Figure 7 shows this inhomogeneity in a section of 

the breach.  

 

Figure 7. A section of the Nahal Oz breach  

The primary cause for the breach of the dam was 

the assumption that the liner would prevent 

leakage of reservoir water into the embankment. 

An investigation of the failure found that the 

rupture location occurred above a natural stream 

path where the soil was wet and soft prior to 

beginning of construction. Compaction control 

testing performed during construction of the 
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embankment, included a number of laboratory 

Proctor compaction tests, and field density tests, 

both often accompanied by laboratory Atterberg 

limits in order to relate between them in view of 

the inhomogeneity of the material. On the basis 

of the laboratory compaction tests it was possible 

to relate both maximum dry density and optimum 

moisture content to liquid limit, wL, as shown in 

Figure 8. 

 

Figure 8. Maximum dry density and optimum moisture 

content of Nahal Oz soil as functions of liquid limit 

The construction specification required in-situ 

moisture content between 0.9-1.2 times optimum, 

and dry density between 95% and 100% of 

maximum. Figure 9 shows results of field tests, 

showing both cases in which field tests were 

accompanied by laboratory compaction tests, and 

where the relationships in Figure 8 were used to 

estimate required values. 

 

Figure 9. Nahal Oz construction conditions 

It is seen that the embankment was generally 

compacted low of optimum moisture content 

(sometimes very low), making it brittle, and at 

lower than specified densities. It is likely that 

there were non-uniform settlements during 

construction over the soft base, as well as internal 

settlements due to inadequate compaction, with 

resulting internal cracking of the brittle 

embankment. Localized settlements were, in fact, 

observed following removal of the liner. 

As was stated by Giroud & Bonaparte (1989) 

“All liners leak.” In the present case, differential 

settlements probably led to tears in the liner, 

increasing the inevitable leaks, hydraulic 

fracturing and finally piping failure of the dam. 

Again, the importance of double protection is 

illustrated; “impervious” membrane liners may 
be relied on to decrease the amount of seepage 

through an embankment, but cannot be relied on 

to prevent it. Inclusion of seepage collection 

measures would have prevented the failure.  

3 DESALINATION PLANT 

The construction of a desalination plant included 

an intake basin 30 m in diameter and depth 21 m 

(to elevation -15m). Figure 10 shows the basin 

cross section superimposed on the soil profile.  

 
Figure 10. Intake basin cross section 
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 The soil profile is made up of layers of fine sand 

(SP) and heavy clay, including a layer of soft, 

organic heavy clay from 14 to 34 m, underlain by 

clayey sand (SC); ground water level is at depth 

7.4 m. The floor of the basin was designed to be 

at depth 21 m, 7 m into the organic clay layer. In 

order to construct the basin, it was enclosed 

within slurry walls extending into the organic 

clay layer, to a depth of 29 m. Three dewatering 

wells were constructed within the basin area, to a 

depth of 23 m, with bottom slotted  filter sections 

6 m long. In order to keep the bottom of the 

excavation dry during work, additional pumps 

were employed on the excavation bottom to 

remove any remaining water.   

Recognizing that uplift forces would act on 

the basin floor following its construction, 36 

bored piles of  1m dia. and length 45 m were 

installed, prior to the start of excavation, to be 

attached to the floor during its construction, in 

order to anchor it. 

In September 2011, when excavation was 

approaching the design floor depth of 21 m, water 

and suspended soil particles burst up through the 

excavation base, filling the excavation, and 

leading to settlement and tilting of adjacent 

structures. 

The failure was clearly a result of uplift due to 

the high water pressure at the base of the organic 

clay layer. The water pressure at this level, due to 

its depth below ground water level, was (34-

7.4).10 kPa = 266 kPa. The resisting, downward 

pressure applied by the remaing organic clay at 

this level (assuming a bulk unit weight of 18 

kN/m3) was  (34-21).18 kPa = 234 kPa. 

The designers had assumed that friction along 

the shafts of the 36 piles would prevent uplift of 

the clay layer. This assumption may have been 

reasonable if the clay layer was a rigid material, 

but this is not the case. Failure was almost 

certainly initiated not as a result of block uplift of 

the organic clay layer, but as a result of piping 

through preferential seepage paths in the layer. 

An example of this localized initiation 

mechanism is illustrated in Figure 11. 

 

 
Figure 11. Example of localized "blow failure 

(modified from Cashman and Preene 2012) 

4 SLOPE OF BUILDING SITE 

During the winter of 1991-92, record rainfall fell 

in Israel, corresponding to about twice the yearly 

average since local recording began. During this 

period, a lanslide occurred at the construction site 

for a new residential area, cose to Haifa in the 

north of Israel. Work being carried out at the site 

included two independent projects – one at the 

top of the slope, where 6 buildings were in the 

process of construction, and the second, at the 

base of the slope, where pre-construction 

excavations had been carried out. Fig. 12 shows 

the area several days after the slide.  

 
Figure 12. Building site following slide 
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The large cracks forming the main landslide scarp 

can be seen passing through the two left-most 

buildings, and additional cracks are observed 

passing through the third building. Fig. 2 shows a 

closer view of some of the damage in the upper 

project site, with the slide surface passing 

through the second left-most building and the 

partial collapse of the building itself.  

 
Figure 13. Close view of slide damage 

 In order to stabilize the landslide, a large portion 

of the excavated area was refilled, following 

which slip movements appeared to effectively 

cease. The three left-most buildings were 

irrecoverably damaged, and had to be destroyed, 

but repair works were carried out on the other 

three buildings and they were evenyually 

occupied. Five months after the landslide, an 

investigation was initiated in order to study the 

causes for the landslide, and was reported by 

Frydman et al (2007). 

Three exploratory boreholes (1,2,3) were 

drilled at the site, at locations indicated in Fig. 12, 

and slope indicator  tubes were installed in 

borholes 1 and 2. Fig. 14 shows the geotechnical 

profile at the site following refilling, as indicated 

by the borieholes and geodetic measurements. 

The top 10 – 14 m is comprised of severely 

cracked chalk and limestone, and this is underlain 

by marl (a mixture of clay minerals and calcium 

carbonate). The soil surface, and the layer 

interface are almost parallel, and slope at about 

15º to the horizontal. Fig. 15 shows moisture 

contents and consistency limits measured at the 

 
Figure 14. Building site profile 

 
Figure 15. Moisture content profile at building site 

time of the site investigation. As the borings were 

performed in July, the profile had dried out 

somewhat from its wet, winter condition, but a 

zone of high moisture contents was still observed 

at the top of the marl. The marl layer is of very 

high plasticity at its top (liquid limit above 90). 

The clay mineral of the marl at this site, as for 

most Israeli clay (Kassiff et al., 1969), is 

predominantly montmorillonite.  

Slope indicator measurements began on 22 

July. Measurements in boring 1 are shown in Fig. 

16, and similar results were obtained in boring 2. 

It is seen that even though measurements began 

about 5 months after refilling the excavation, 

when it appeared that movement had ceased, 

slow, continuous movement actually continued, 

with the chalk layer moving as a more or less 

solid block on the marl layer, at 14 m depth. 
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Figure 16. Slope indicator measurements  

This continuation of movement on a slip 

surface for a significant period after movement 

had appeared to have ceased was similar to that 

observed at the Alonim dam, described above. 

Measurements continued in boring 1 until March 

1997, by which time the movement, from start of 

measurements, was about 10 mm. Attempts to 

continue measurements after this date were 

unsuccessful, as it was found impossible to lower 

the slope indicator probe below a depth of 14 m. 

Apparently the tube had bent excessively or 

broken at this depth, preventing any further 

penetration of the probe. An estimate of the 

development of shear strain with time at 14 m 

depth was made by dividing the incremental 

displacement by the incremental measurement 

length at this depth, as shown in Fig. 17.  

 
Figure 17. Development of shear strain at chalk-marl 

interface 

 

It is seen that shear strain was continuing more or 

less linearly, at a rate of about 0.5%/year, when 

measurements were discontinued, indicating a 

continuous, creep movement of the slope, with no 

sign of  stabilization, during the 5 year 

measurement period. This creep was evident, 

also, from cracks which continued to reappear in 

the three remaining buildings following repair 

works. 

The inclinometer data indicated that the slide 

occurred at the interface of the chalk-limestone 

layers. On first consideration, this appears 

strange, considering the mild interface slope of 

about 15º. Saturated Israeli clays, including 

marls, have been found to have an effective 

friction angle, ', of at least 25º and a small 

effective cohesion (Frydman 2000). The slide 

appears to have resulted from a combination of 

the heavy rainfall, and excavation of the slope, 

exposing the chalk-marl interface at the 

excavation base, and removing support for the 

upper chalk layer. The heavy rain led to 

saturation of the cracked chalk-limestone layer, 

and the top of the marl. Due to the very low 

permeability of the marl, there would be expected 

to be very limited penetration of rain water down 

into the marl. The top surface of the layer would 

be likely to have reached saturation, and the 

excess water presumably flowed down the slope, 

within the cracks of the chalk-limestone. Two 

processes, individually or together, appear to 

have contributed to the onset of the slide: 

(a) Development of saturated flow in the upper, 

cracked layer, and resulting pore pressure at the 

top of the marl layer. For such flow, more or less 

parallel to the chalk-marl interface, the factor of 

safety, F, even assuming zero cohesion, was 

estimated (Frydman et al. 2007) to be greater than 

1.0. 

(b) Geological investigations of the area and 

study of existing geological maps following the 

slide (Saltzman, personal communication) 

indicated that the area is an old landslide area, 

with evidence of old slip scarps. It would, then, 
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be likely that the operational strength parameters 

of the saturated marl are the residual, rather than 

the peak, values (Skempton, 1985), and this was, 

in fact, found to be the case at this building site; 

the residual friction angle of the marl was found 

to be of the order of 12⁰. An awareness of the past 

landslide history of the area, and its significance, 

and recognition of the subsequent, deleterious 

effect of wetting of the marl, may have prevented 

the occurrence of this failure. 

5 CONCLUDING REMARKS 

Several examples of geotechnical failures due to 

effects of flow of water have been presented. 

Experience has shown that design based on the 

assumption that water can be prevented from 

penetrating zones in the profile is extremely 

dangerous. Where impervious barriers are used, 

the double protection approach should be 

employed, adding measures for collecting and 

removing water which may leak through these 

barriers.  

Recognizing that water will find its way 

through every theory, design must take account 

of the effects of water on the stability of the 

proposed structure. 

A sideline to the case histories presented 

herein was the observation that movements on 

slip surfaces apparently continue for significant 

time after failure appears, to the eye, to have 

stabilized. 

 

 

 

 

 

 

 

 

 

 

 

 

Consequently slope indicator measurements 

initiated even after the occurrence of slip failures 

may be useful in defining the location and shape 

of the slip surface.  
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