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ABSTRACT:  
A numerical analysis of a collapsed anchored retaining walls is presented. A one-

level anchored pile walls supported a ten-meter-deep excavation. After the designed 
depth was reached, the whole support construction collapsed. Some measurements 
concerning the behavior of the construction during the building process are available. 
The excavation is modeled using the Finite Element Method concerning the results of 
these measurements. The PLAXIS Software, with the non-linear Hardening soil model, 
is used for computing the behavior of the wall. Each separate construction stage is 
investigated. A comparison and analysis of the observed and obtained results is made.  

 
РЕЗЮМЕ: 
Статията представя числен обратен анализ на аварирала укрепителна стена. 

Във връзка с изграждането на две нива подземни гаражи на новострояща се офис-
сграда е предвидено изпълнението на укрепителна конструкция непосредствено 
до граничещата с контура на изкопа улична мрежа (фиг.1). Проектираното 
укрепване се състои от пилотна конструкция (изливни сондажни пилоти с 
диаметър 35см), анкерирана на едно ниво, с пасивни еднопрътови анкери (с 
диаметър 20см и дължина 7-8м) и цялостно покриване на изкопа със стоманена 
мрежа (100/100/10), почвени гвоздеи (2-2,5м) и торкрет бетон с дебелина на 
покритие 3-5см (фиг.1). Технологичната последователност на изпълнението е 
показана на фиг.2. 

Извършени са наблодения върху конструкцията за определяне поведението 
и по време на изпълнението и експлоатацията. С помоща на четири броя 
тензосъпротивителни датчика свързани в Уитстонов мост, поставени в анкерите 
(фиг.3), са контролирани измененията на анкерните усилия за рaзличните етапи на 
изпълнение. Геодезически марки са поставени в различни точки за проследяване 
на преместванията в конструкцията. 

След достигане на проектната дълбочина част от изкопа аварира, 
разрушавайки укрепителната конструкция. Съгласно описанието на 
разрушението, то става в следната последователност (фиг.5): 1) изтичане на пясък  
в зоната на кота -6,00 като резултат от загубата на капилярната кохезия достигаща 
12 kN/m2; 2) разрушение на анкерите в участъка между главата и почвата(фиг.7); 
3) разрушаване на пилотите на ниво кота дъно изкоп и компрометиране на цялата 
конструкция. 

На базата  на получетните резултати от полевите замервания и след 
определянето в лабораторни условия на граничната носимоспособност на 
анкерния прът е извършен обратен анализ, моделирайки изкопа със 
специализираният програмен продукт PLAXIS 8.2. Разгледани, анализирани и 
сравнени са резултатите от всички отделни отделни строителни състояния. 
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Резултатите показват, че независимо от коравината на стента и 
разположението на т.нар. зона на изтичане, ефектът от това е сходен. Като 
следствие се наблюдава нарастване на анкерната сила с около 30% (фиг.9) и 
превишаване на граничната носеща способност на анкера (съгласно схемата на 
разрушение).  

 Анализът на резултатите разкрива, че резултантната на натоварването след 
“изтичането” нараства пропорционално на анкерното усилие (фиг.12). Причината 
за това се крие в формирането на нова равнина на разрушение (фиг.13) като 
резултат от изтичането на пясъка и преразпределянето на натоварването върху 
стената. Извършените изчисления по метода на кинематичните елементи за двата 
случая, показват едно нарастване на резултантната активна сила, близко до 
стойността на изменение на анкерната сила за състоянието след изтичането на 
пясъка, независимо от по-малкия обем на почвения клин, както и по-малката 
инензивност на полезните товари. 

Следователно като резултат, от едно подобно разуплътняване и изтичане на 
почвата в определна зона, се формира нова равнина на разрушение, 
характеризираща се с по-голяма интензивност на действащата върху стената сила 
на натоварване и водеща от своя страна до нарастване на усилието в анкера, което 
в отделни случаи може да се окаже критично за безавариината работа на цялата 
укрепителна конструкция.  

 
ZUSAMMENFASSUNG: 
Die Nachrechnung und Analyse einer eingestürzten Stützkonstruktion wird 

vorgestellt. Bei die Stützkonstruktion handelt es sich um eine einfach verankerte 
Bohrpfahlwand, die eine zehn Meter tiefe vertikale Baugrube stüzte. Nachdem die 
vorgesehene Baugrubentiefe erreicht war, stürzte die Baugrubenwand ein. Es stehen 
einige Messdaten für einzelne Bau-Zwischenzustände zur Verfügung. Die Situation 
wurde mit dem FEM-Programm PLAXIS 8.2 modelliert. Als Stoffgesetz wurde das 
Hardening Soil Model verwendet. Die Analyse der FE-Rechnungen wird vorgestellt. 

 
1. INTRODUCTION  
A ten-meter-deep excavation for underground garages was foreseen during the 

building of a new office centre in Bulgaria. The south side of the excavation is 40m 
long and is situated next to a 8 metres wide street. A One-level anchored pile walls with 
soilnails, steel net and shotcrete(Fig.1) supported the soil on this side. 

Shortly after the designed depth was reached, the whole support construction 
collapsed.  

Based on the results of some measurements during excavation and on the 
observed destroy mechanism, which were carried in this investigation, an attempt is 
made to re-create the behavior of the construction during the building process, right 
before and at the time of the collapse, using the FEM-Software PLAXIS 8.2. 

 
 
 
2. SUPPORT CONSTRUCTION  
The wall was made of drilled piles with diameter of 0,35m (Fig.1).The piles are 

ten meter long, with 2,50 meter embedded length. The distance between the piles is 1,00 
m.  
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Anchors are 7-8 meter long tension piles, without prestressing. The diameter is 
0,25 m. The anchors inclination - 20°.  

A reinforcement grid covered the piles and the soil between them. The grids are 
hold with 2,0 m - 2,5 m long soil nails. Shotcrete with 3-5 cm thickness is designed to 
“close” the system. 

 

 
Figure 1.Side and plan view of the excavation. 
 
3. CONSTRUCTION STAGE 
Building of the retaining wall, can be devided up  in the following separate phases 

(Fig.2): 
o Stage I: Excavation to – 2,50 m. Drilling and concrete the piles. Differing 

from the design a berm was made. Shotcrete with soil nails and 
reinforcement grid in this section.   

o Stage II: Excavation to – 5,00 m. Shotcrete with soil nails and 
reinforcement grid in this section. Drilling and building the anchors. 

o Stage III: Excavation to – 7,50 m. Shotcrete with soil nails and 
reinforcement was not realized in this section. 

o Stage IV: Excavation to – 10,00 m. 
 

       
  Figure 2.Construction Stage. 
 
4. FIELD TEST MEASUREMENTS RESULTS  

 Some measurements were made during excavation to determine the construction 
behaviour. The field measurements contained: 

1) Anchor force measurement 
2) Wall displacement measurement. 
Because of the excavation collapse, results are only available for a few separate 

construction stages.  
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4.1. Anchor force measurement 
4.1.1. Preparation 
For determination of the anchor’s forces four strain gauges were used, two 

measuring and two compensating, connected in full Wheatstone’s bridge (Fig.3). The 
quality of the measuring system was laboratory tested. The results present errors less 
than 4 % (Fig.3) 

   
Figure 3. Anchor’s force measurement: Structure, Quality test and build in. 

   
4.1.2.Results 
Unfortunately, there are results only for the forces belonging to Stage II and 

Stage III. Measurements for Stage IV and further stages had been planned, but because 
of the retaining wall breakdown, the field test could not be continued. The available 
results are presented in Table.1. 

  
Anchor 
№ 

Stage №2 
After construct 

Stage №3 Excavation 
to level -7,5m. 

1 0 7,264 t 
2 0 6,710 t 
3 0 8,064 t 

   Tabl.1. Anchor’s forces 
 
4.2.Wall displacement measurement.  
The lateral displacements at the pile wall head and anchor heads were measured, 

using geodetically gauging points and measurement devices with an accuracy of 1/10 
mm (Fig.4).   

Wall displacement measurements also were planned for all construction stages 
and further up to level zero, but because of the collapse results concerning deformation 
are only available for Stages II and III (Fig.4).    

               
       Figure 4.Wall displacement measurement: Geodetically gauging point, Instrument       
                     and Results.  

 
5. CONSTRUCTION’S COLLAPSE STATE. 
 The last “measurement dates” used in the FE-back-analysis and modelling are 

the different construction‘s collapse states, according to the eyewitnesses descriptions 
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and following inspection of the site. Three separate breakdown states can be 
differentiated (Fig.5). First, a minute before the damage, outflow of dried up sand 
between level -5,00 and -8,00 m was observed. Than the anchors collapsed and at the 
end the hole retaining construction failed. 

 

 Figure 5.Construction‘s collapse states: a) Sand flow; b) Anchor’s failure ;                     
c) Piles break and excavation collapse.  

 
5.1. Sand outflow. 

According to the laboratory test, this sand has a capillary cohesion greater than 
12 kN/m2.  

 
• “The capillary cohesion results from the action of capillary  
• forces between grains of damp sand, which     

disappear after drying the material. 
• Because of the capillary cohesion, it is possible to build up  

vertical slopes with some short term stability.” (1) 
 
The dried up sand lost its capillary cohesion  

 and it flowed out      Fig.6 The damp sand 
 

5.2. Anchor’s failure. 
All anchors have a similar failure mechanism - tear in the bar at the thread section 

between the horizontal steel beam and the soil. There are no anchors, which have been 
pulled out (Fig.7). 
 The maximum bearing capacity of anchor’s bar, according the laboratory tests is 
equal to 212kN. This value was used as a failure condition in the final elements back-
analysis.                                   

 

   
    Figure 7.Anchor’s failure and marginal tension force test. 

 
 5.3. Piles break and excavation collapse. 
 The last collapse state describes breaking of the piles. Without anchors the 
supported construction works as a cantilever retaining wall. The bearing capacity of the 
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piles is less than the arisen bending moments and shear forces and they broke. Figure 8 
depict the collapsed excavation. 
  

  
Figure 8.Finite element model 

 
6. FE-BACK-ANALYSIS 
6.1. FE-Modelling. 

The excavation was modelled by the 2D FEM programme 
Plaxis 8.2. The analysis took into account all the stages of the excavation. The finite 
element mesh used in calculation is shown in Fig.8. The bored pile wall was 
schematized as a beam element. The anchors were modelled by a combination of Plaxis 
node-to-node anchor and geogrid. The soil behaviour was simulated using the non linear 
Hardening Soil model of the Plaxis code. 

 
6.2. Calculation concept  
The idea in this back-analysis is based on the following consecution: 

I. Calibration of the soil parameters 
II.  Comparison between soil parameters presented in geotechnical report and 

those derived from the FE-back-analysis.  
III.  Calculation of the other construction stages with the calibrated parameters. 
IV.  Sand flow simulation.  
V. Discussion of the results. 

 
7. FEM results. 
7.1. Calibration and comparison of the soil parameter 

The selection of the soil properties used in the calculation was based on the results 
of the geotechnical investigation performed at the site and a parametric study. The 
values from the geological report are varied, until the FEM results for the first three 
construction stages agreed with measurements results.  

When using the Hardening soil model, it is necessary to dispose at least the 
following soil parameters: γ1, c1, ϕ1, E50

ref
1, Eoed

ref
1, Eur

ref
1, Rinter,1, m1, ν1, γ2, c2, ϕ2, 

E50
ref

2, Eoed
ref

2, Eur
ref

2, Rinter,2, m2, ν2, γ3, c3, ϕ3, E50
ref

3, Eoed
ref

3, Eur
ref

3, Rinter,3, m3, ν3, to 
define the soil  layers. That means minimum 27 values. The available measurement data 
are only two displacements and one anchor force - together only three control 
parameters.     

To estimate the global effect of the separate soil characteristics on the FE-results a 
parametric study with varying of all these parameters was performed. The results show 
that 19 of the 27 parameters influence the results not so intensively as the other 8 (c2, 
ϕ2, γ3, c3, ϕ3, E50

ref
3, Eoed

ref
3, Eur

ref
3, m3,). These 19 soil properties were taken straight 

from the geotechnical investigation and the other 8 were calibrated. The finally choosen 
soil parameters are presented in Table 2. A comparison between the measured and 
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estimated values of the soil parameters showed a good agreement. The maximal 
difference is less than 10%. 

 
Identification γdry E50

ref Eoed
ref Eur

ref c ϕ 
  [kN/m3]  [kN/m2]  [kN/m2]  [kN/m2]  [kN/m2]  [ ° ]  

I Layer 19,8 15000 17000 45000 13,6 27,0 
II Layer -Gravel 21,6 30000 27000 90000 11,0 30,5 
III Layer -Sand  18,0 20000 18000 55000 13,0 32 
Table.2. Soil properties. 
 

According to the results of the calculation with these parameters, the increase of the 
anchor force between Stage II and Stage III is 79 kN. The referring measured value has 
an average of 74 kN (Tabl.1). The calculated lateral displacements are 0,124 cm and 
0,162 cm at the pile and anchor’s heads. The corresponding measured values are 0,14 
cm and 0,16 cm. 
  

7.2.Calculation of the other construction stages with the calibrated parameters. 
Considering the analysis of Stage IV with the calibrate soil parameters and the 

berm’s additionally load, it can be seen that no ultimate shear forces in the support 
construction are indicated. Both the anchors and the piles bearing capacity exceed the 
calculated forces. 

 
       7.3. Sand flow simulation.  

According to the calculation results, the construction should be able to support 
the excavation, but it collapsed. As was explained at the item 5, a few minutes before 
the damage, outflow of dried up sand between level -5,00 and -8,00 m was observerd. 
This flow was modelled with Plaxis by deactivation of discrete elements in consecutive 
calculation phases. Those elements are deactivate, until the anchor‘s force exceed the 
maximal anchor‘s bearing capacity (211,8kN). The idea and results of this analyse are 
presented in Figure 9-a and -b. 

 Anchor forces increase with each further calculation step and after three flow 
stages the anchor‘s bearing capacity is exceeded. The results fit good with the 
construction‘s collapse description.  

  
(a)                 (b)    (c) 

Figure 9. Sand flow-a) model; b) results; c) Increasing of the anchor’s force by 
case I, II, III and IV. 
 
7.4. Discussion of the results. 
7.4.1. Effect of flow zone and wall stiffness. 
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It is interesting to evaluate, if the calculated behaviour is the only adequate 
solution, and what will happen by changing the flow zone or the wall stiffness. As it is 
presented in Figure 10, three different flow zones (between level -5,00 and -10,00 m) 
were investigated and one case with increased wall stiffness.   

 

 
Figure 10.Flow zone I, II and III. Stiff wall (IV) 

The results (Fig.9-c) show that the behaviour is different, but the consequences 
are similar: anchor forces get greater than their bearing capacity.  

 
7.4.2. Soil stresses  
Considering the principal stresses before and after the sand flow it can be seen, 

that their direction is changing. The horizontal stresses in the part of the anchor’s head 
and the piles embedded length are increasing and those behind the sand flow decrease 
(Fig.11). This soil behaviour was expected, but the important question is: why did the 
anchor forces increase as a result of sand flow? 

 

 
(a)   (b)   (c)   (d) 

Figure 11.Principal and horizontal stresses before and after sand flow. 
 

To estimate the evaluation of global earth pressure loading during the sand flow 
process, vertical section were made directly behind the wall. The horizontal stresses 
distribution in four calculation phases – I-before the flow; II-flow 1; III-flow 2 and IV-
flow 3 were investigated. Comparison between phases I and IV shows an increase of the 
resultant horizontal force with more than 35% after the sand flow. That is in agreement 
with the anchor‘s force changing (32%). 

 

 
Figure 12.Earth pressure behind the wall-case I, II, III and IV. 

 
Straight behind the wall, the earth pressure magnitude and distribution are 

strongly affected from sand flow simulation. As presented in Fig.11-c, another four 

Excavation -10,0m 

(246 kN/m2) 
                        Sand flow1 

                (243 kN/m2) 
                 Sand flow 3  
               (229 kN/m2) 

                   Sand flow 2 
                (238 kN/m2) 

D C B A  
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vertical sections behind the wall were made to evaluate the behaviour of the soil at these 
different places.  

Obtained from the results characteristic differences in the horizontal stresses 
distribution and total value, due to the sand flow, are substantial in section B, C and D 
and not so considerable in section A. 

 
7.4.3. Failure mechanism 
One possible reason for this new loading state is a modification in the failure 

mechanism.  The expected failure planes before and after the flow can approximately be 
determinated by using the incremental strains. The results are presented in Fig. 13. Two 
different soil body failures are observed. Before the flow the loading soil body is greater 
with greater live load, but minor slope. In the other state there is a smaller soil body, 
less live load and greater slope.  

 
    Figure 13.Failure planes before (a) and after the sand flow (b). 

 
These two failure planes produce different earth pressure forces. The KEM was 

applied to calculate these forces. Figure 14 shows the results. In the second case, after 
the sand flow the global earth pressure force is 37% greater than the force in the state 
before. That is in agreement with the anchor‘s forces and the earth pressure changing 
according to the FE-calculation.  

  

   
    Figure 13.KEM calculation. Wall deformation.(a-before; b-after the sand flow) 
 
 As Figure 13 presents, one of the differences and possible reason for the arise of 
a new following failure plane, is the wall deformation. In the part above the excavation 
bottom, before the sand outflow, the observed movement is close to a parallel 
displacement. After the outflow, there is another kind of movement, describing rotation 
about the bottom point.  

That explains an arising of a new failure plane and a new soil body charging the 
wall with a greater resultant earth pressure force. This results in anchor’s force greater 
than their bearing capacity. 
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