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CHAPTER 1 : INTRODUCTION 

 

“Control of water infiltration and providing adequate drainage are critical to the 

performance of retaining walls and abutment walls. The ability of the wall 

backfill to drain water that infiltrates it from rain, snow melt, or ground water 

shall be considered in the design of the wall and its stability…” (WISDOT, 2013). 

 

Background 

The stability of Mechanically Stabilized Earth (MSE) walls may be compromised in 

undrained conditions such as during heavy rain, flooding, or rapid drawdown. Excess pore 

pressures in non-freely draining backfills may not dissipate quickly enough, and thus may 

reduce effective stresses in the backfill soil, which in turn may cause a reduction of shear 

strength at the soil-reinforcement interface (Bobet, 2002). Excess pore pressure also reduces 

the effective weight (buoyancy) of the reinforced soil zone and sliding resistance for external 

stability is decreased. Additional problems related to poor backfill drainage include increased 

potential for piping, internal erosion, external soil erosion from the toe, around the edges or at 

the top of the wall (Berg et al. 2009) and a potential destabilizing effect due to an increase in 

seepage forces. Koerner and Koerner (2012) analyzed causes of failure of 141 MSE walls (34 

cases of excessive deformation and 107 cases of actual collapse) and found that 58% were 

caused by internal or external water and that the major design inadequacy was the lack of proper 

drainage within the reinforced soil zone.  

For MSE retaining walls potentially subject to inundation, such as those located 

adjacent to rivers, canals, detention basins or retention basins, AASHTO specifies that a 

minimum hydrostatic pressure equal to 3 ft (1 m) should be applied at the high-water level for 

the design flood event (AASHTO section 11.10.10.3.) Effective unit weights shall be used in 

the calculations for internal and external stability beginning at levels just below the application 

of the differential hydrostatic pressure. Situations where the wall is influenced by tide or river 

fluctuations may require that the wall be designed for rapid drawdown conditions from the 

high-water level (HWL) (see Figure 1-1), which could result in differential hydrostatic 

pressures considerably greater than 3.0 feet. Corresponding destabilizing effects can be 

significant. Aubeny et al. (2014), for example, conducted numerical analysis to model rapid 

drawdown conditions for wall systems and found that rapid drawdown could reduce factor of 

safety by 24%. Laboratory experiments conducted by Bobet (2002) indicated that undrained 
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backfill conditions can reduce the pullout capacity of MSE wall reinforcements by as much as 

50%.   

 

Figure 1-1. Rapid drawdown conditions for an MSE retaining wall (after Keystone, 2003) 

 

Rapid drainage conditions may be expected when clean coarse-grained material (e.g., 

shot rock or open graded gravel) is used as backfill and/or any engineered drainage system 

behind the MSE wall is not clogged. Backfill material meeting the gradation requirements in 

the AASHTO LRFD Bridge Construction Specifications for MSE structure backfill, however, 

is not considered to be rapid draining. If the backfill material is not free draining, or if the 

drainage system is clogged, dissipation of pore water pressure during rapid drawdown or 

infiltration is delayed and can compromise wall stability by any of the mechanisms described 

above. Within the unsaturated zone above the wetting front in the backfill, negative pore water 

pressure or matric suction develops and can have a significant effect on the active earth pressure 

exerted by the backfill soil (e.g., Vahedifard et al. 2014). It is thus important to know the 

location of the wetting front during rapid drawdown or water infiltration into MSE structure 

backfill, how this location changes over time, and how corresponding excess pore pressures 

can reduce the internal and external stability of the wall. From a practical perspective, a readily 

implementable model is needed that can predict the interface between saturated and partially 

saturated soils (wetting front) and the corresponding impact to internal and external lateral 

earth pressures. 
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Research Approach 

A combined physical and numerical modeling program was conducted to evaluate 

flooding and rapid drawdown processes in backfill materials for MSE walls and corresponding 

implications to wall stability. The laboratory testing program was designed to measure and 

monitor seepage, pore pressure evolution, soil-structure interaction forces, and deformations 

for two full-scale MSE walls subject to flooding and rapid drawdown. A unique aspect of this 

task has been collaboration with the Royal Military College of Canada (RMC) using the RMC 

Full-Scale Soil Structures Test Facility located within their Civil Engineering Department 

Structures Laboratory. A complementary numerical modeling effort was developed to quantify 

evolution of pore pressure and saturation (wetting front propagation) for generalized flooding 

and drawdown events. Corresponding internal and external MSE wall stability was assessed 

during transient flooding and rapid drawdown. Parametric studies were carried out to produce 

generalized design charts for a range of flood characteristics, wall geometry, and backfill 

properties. 

 

Physical Modeling Program 

Two full-scale MSE walls were constructed at the Royal Military College of Canada’s 

(RMC) Full-Scale Soil Structures Test Facility, which is depicted in Figure 1-2. The Full-Scale 

Soil Structures Test Facility has been in operation for more than 3 decades. The facility has 

specialized in physical testing of full-scale MSE Walls since the late 1990’s with partial 

funding received from the AASHTO MSE Pooled Fund, Washington State DOT, National 

Concrete Masonry Association, as well as other sponsors. The test facility allows soil retaining 

wall structures that are 3.6 m high by 3.4 m wide with backfill soil extending to a distance of 

6 m from the front edge of the facility. The backfill soil and wall facing are seated on a rigid 

concrete foundation. The soil is laterally contained between two parallel reinforced concrete 

counterfort walls bolted to the structural laboratory floor. A series of hollow steel sections at 

the top of the facility confine a series of air bags that can be used to apply a uniform surcharge 

(up to 150 kPa) to the entire soil surface. The toe of full-scale wall models is located at the 

front of the test facility. The back of the soil mass is restrained by a series of rigid reinforced 

concrete bulkheads at the opposite end of the test facility. Plane-strain conditions are 

encouraged by covering the interior side-walls of the test facility with multiple layers of 

lubricated polyethylene sheeting.  
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Figure 1-2. a) Photograph of RMC Full-Scale Soil Structures Test Facility; b) typical 

instrumentation layout for full-scale MSE wall tests; and c) full-scale MSE wall with precast 

concrete panels. 

 

For this project, a small tank was constructed in front of the wall to accommodate 

temporary face flooding and drawdown testing. Experiments were conducted to measure the 

extent of water infiltration through the face of precast panel MSE walls when the bottom 

portion of the wall was temporarily inundated with standing water by filling the tank and 

corresponding infiltration through the facing panels into the backfill. Instrumentation 

(moisture, pore pressure) was placed to best capture the wetting front in this zone of the 

backfill. Drawdown tests were run by rapidly draining water from the external tank. 

Instrumentation was installed to allow measurement of: 

 

1. Pore water pressure distribution (positive and negative using piezometers and 

tensiometers). 
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2. Moisture content distribution. 

3. Strain in the reinforcement layers. 

4. Connection loads between the facing and reinforcement layers. 

5. Wall facing deflections. 

6. Horizontal and vertical toe loads. 

7. Earth pressures at the base of the soil mass and within the soil mass. 

 

Numerical Modeling Program 

A series of numerical models was developed using geometries selected to match the 

wall geometry of the full-scale physical tests, and calibrated using measurements from those 

tests. Seepage and stability analyses were conducted using SVFlux GT and SVSlope GT from 

the software package SVOffice Version 5.0. Seepage analyses were done for two scenarios: (i) 

infiltration of the MSE wall backfill from flooding at the face of the wall, and (ii) rapid 

drawdown. Measured water levels at the wall front and the two standpipe piezometer locations 

were used to calibrate the numerical model. Simulations were then conducted to replicate the 

physical model tests using fine and coarse sands as backfill, respectively. Stability analyses 

were conducted to evaluate stability of the MSE wall and calculate the factor of safety against 

sliding failure in limit equilibrium condition using the GLE (Fredlund) method. Parametric 

studies were conducted using the calibrated numerical models to examine how backfill 

hydraulic conductivity, flood height, and length of the backfill affect the backfill saturation 

time and wall stability during flooding and drawdown. 

 

Organization of the Report 

This report is organized into six chapters. Chapter 1 (Introduction) introduces the 

motivation for the research, summarizes key background concepts, and summarizes the basic 

research approach. Chapter 2 (Literature Review) summarizes key elements of MSE wall 

design and performance, with emphasis on flooding and rapid drawdown phenomena. Chapter 

3 (Laboratory Full-Scale Tests) summarizes construction processes, instrumentation, and test 

processes for two full-scale physical model tests conducted at the Royal Military College of 

Canada. Chapter 4 (Full-Scale Test Results and Analysis) summarizes results and analysis from 

the physical modeling program. Chapter 5 (Numerical Analysis) summarizes the numerical 

modeling program, parametric studies, and recommended design charts. Finally, Chapter 6 

(Conclusions and Recommendations) offers a series of conclusions and recommendations for 

implementing the results of the research.   
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CHAPTER 2 : LITERATURE REVIEW 

 

MSE Walls 

Mechanically Stabilized Earth (MSE) walls are retaining walls with face angles from 

70o to 90o. MSE walls are internally stabilized and comprise three main components: facing, 

internal reinforcement (e.g. geosynthetics or metallic components) and selected backfill. 

Coarse, free-draining material is generally chosen for backfill in order to ensure high drainage 

capacity as well as structural integrity of the wall (Berg et al. 2009). The interaction between 

reinforcement and backfill allows MSE walls to sustain significant loading and deformation, 

and to behave like a flexible unit (Rathje et al. 2006; Berg et al 2009). A general schematic 

model of an MSE wall is shown in Figure 2-1.  

 
Figure 2-1. Schematic view of a MSE wall cross-section (FHWA 2009). 

 

MSE walls offer economic and technical advantages over conventional types of 

retaining walls (e.g. Gravity, Semi-Gravity, Cantilever and Counterfort), including less site 

preparation requirements, reduction of right-of-way acquisition and stability for wall-heights 

over 30 m. Geosynthetic reinforced MSE walls are the least expensive choice for most wall 

heights (Koerner et al. 2000).  MSE walls eliminate the need for deep foundations and are 

flexible and are thus capable to tolerate deformations due to poor subsoil conditions. In 

addition, MSE walls are more resistant to seismic loading and can tolerate much larger 

settlements than conventional retaining walls (Koerner 2000; Elias et al. 2001; Berg et al. 

2009).  

The most critical components of a MSE wall are the selected backfill and 

reinforcements. The facing component is important for aesthetical purposes, but contributes 
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little to the overall stability of the MSE wall system. The components of the MSE walls are 

discussed below:  

 

Selected Backfill  

Backfill materials can be natural or recycled materials that meet design criteria 

established by regulatory agencies (e.g. AASHTO, FHWA, state DOTs, etc.). The backfill used 

in MSE walls consists of coarse-grained material with low fines content (less than 15% passing 

sieve #200) (AASHTO 2010; Anderson et al. 2012).  

The selection of backfill material considers the long-term performance of the wall 

system. The material shall offer good drainage, and thus the hydraulic conductivity of a 

selected material must be high enough to allow water to percolate freely through the backfill. 

Excessive amounts of fines can reduce the hydraulic conductivity of a given coarse material, 

thus contributing to long-term performance issues of the wall (Elias et al. 2001; Rathje et al 

2006). Based on the AASHTO T-27 criteria discussed by Berg et al. (2009), to obtain 

reasonable drainage, the fines content of the selected material for reinforced fill shall have no 

more than 15% fines (as determined from passing No. 200 sieve) and 60% fine sand size 

particles (as determined from particles passing No. 40 sieve). The plasticity index of the 

material shall be less than 6. 

The potential corrosion of metal reinforcements can be enhanced if water is retained by 

poorly draining backfill. For this reason, the use of material with high water absorption 

potential such as clay and silt is not recommended as backfill (Elias et al. 2001; Berg et al. 

2009). Corrosion is a major concern when the MSE wall system utilizes metal reinforcements 

because it can result in sudden failure of the wall system (Berg et al. 2009; Anderson et al. 

2012). 

The mechanical stability of the wall depends, in part, on the mechanical properties of 

the backfill. The material should yield adequate angle of internal friction allowing high shear 

strength against horizontal pressures imposed by the soil mass (Elias et al. 2001; Rathje et al. 

2006; Berg et al. 2009). The selected backfill should also develop sufficient interface friction 

with the reinforcement. Well-graded and less angular materials yield higher values of dry unit 

weight during compaction (Berg et al 2009). Materials compacted at low dry unit weight and 

low water content can experience significant settlement upon wetting (Basma et al. 1992; 

Rathje et al. 2006; Berg et al. 2009).  
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Reinforcements  

The function of reinforcements is to provide shear strength to the backfill against the 

lateral earth pressure. Reinforcements used in MSE walls can be classified as extensible and 

inextensible (Koerner 2005; Das 2008). Inextensible reinforcements show deformation at 

failure much less than the deformability of the soil. Steel strips and bar mats are examples of 

inextensible reinforcement. Extensible reinforcements, on the other hand, show deformation at 

failure equal to, or greater than the deformability of the soil. Geotextiles, geogrids and woven 

steel wire mesh are extensible reinforcements (Koerner 2005; Das 2008; Berg et al. 2009). 

 

Backfill Specifications  

Specifications for backfill of MSE walls follow guidelines set by state and federal 

agencies. The WisDOT adopts the recommendations set forth by the FHWA and AASHTO 

except when provisions by the agency are made necessary. The following requirements 

presented here are consistent with current practice. The backfill material should be as free as 

possible of organic and other deleterious materials (Berg et al. 2009; AASHTO 2010; Anderson 

et al. 2012; WisDOT 2015). Table 2-1 summarizes a range of values for gradation, plasticity 

index and soundness (Holtz et al. 1998; Berg et al. 2009; AASHTO 2010). MSE walls require 

high quality wall fill for durability, good drainage, constructability, and good soil 

reinforcement interaction which can be obtained from well graded, granular materials. Many 

MSE systems depend on friction between the reinforcing elements and the soil. In such cases, 

a material with high friction characteristics is specified and required. Some systems rely on 

passive pressure on reinforcing elements, and, in those cases, the quality of reinforced wall fill 

is still critical. These performance requirements generally eliminate soils with high clay 

contents.   

Unstable broadly graded soils (i.e., Cu > 20 with concave upward grain size 

distributions) and gap-graded soils should be avoided (Berg 2009). These soils tend to pipe and 

erode internally, creating problems with both loss of materials and clogging of drainage 

systems. In addition to the specifications and recommendations regarding grain size 

distribution, Koerner (2005) suggests a specific backfill gradation for maximizing drainage 

while minimizing installation damage in geotextiles and geogrids. These values are shown in 

Table 2-2. Additionally, the backfill material must meet the electrochemical criteria by the 

WisDOT as presented in Table 2-3 (WisDOT 2015). 
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Table 2-1. MSE wall selected granular reinforced fill requirements (after Berg et al. 2009; 

AASHTO 2010). 

Gradation:             

(AASHTO T-27) 

U.S. Sieve Size Percent Passing (a) 
102 mm (4 in.) (a,b) 100 
No. 40 (0.425 mm) 0-60 
No. 200 (0.075mm) 0-15 

Plasticity Index:  

(AASHTO T-90) PI < 6 

Soundness:      

(AASHTO T-104) 

The materials shall be substantially free of shale or other soft, poor 
durability particles. The material shall have a magnesium sulfate 
soundness loss of less than 30% after four cycles (or a sodium sulfate 
value less than 15 % after five cycles). 

Notes: 
(a) To apply default F* values, Cu should be greater than, or equal to 4. 
(b) As a result of recent research on construction survivability of geosynthetics and epoxy coated 
reinforcements, it is recommended that the maximum particle size for these materials be reduced to (19 mm) 
for geosynthetics, and epoxy and PVC coated steel reinforcements unless construction damage assessment tests 
are or have been performed on the reinforcement combination with the specific or similarly graded large size 
granular fill. Prequalification tests on reinforcements using standard agency fill materials should be considered. 

 

Table 2-2. Recommended Soil Backfill Gradation for Geotextile and Geogrid Reinforcement 

Applications (Walls and Slopes) (After Koerner 2005). 

Sieve Size (No.) Particle Size (mm) Percent Passing 
4 4.76 100 
10 2.0 90 - 100 
40 0.42 0 - 60 
100 0.15 0 - 5 
200 0.074 0 

 

Table 2-3. Electrochemical Property Criteria for Reinforced Fill in MSE Walls (WisDOT 

2015). 

Reinforcement Material Property Criteria 
Metallic Resistivity > 3000 ohm cm/H 
Metallic Chlorides < 100 ppm 
Metallic Sulfates < 200 ppm 
Metallic / Geosynthetic  pH 3.5 < pH < 9 
Metallic / Geosynthetic  pH 4.5 < pH < 10 

 

The recommended maximum effective friction angle (φ′) assumed for design of 

reinforced backfill fill is 34o (Berg et al 2009 and AASTHO 2010), and 30o (WisDOT 2015) 
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in the absence of specific data. For desired friction angles higher than 30o, direct shear tests 

(AASTO T-236) shall be performed on the portion of material finer than the No. 10 sieve 

(WisDOT 2015). If the measured friction angle exceeds 40o, then the design angle of friction 

should not exceed 40o (Article 11.10.6.2, AASHTO 2010). Cohesion is considered to be 0.0 

kN/m3 for all cases (Berg et al. 2009). The WisDOT recommends a minimum unit weight of 

18.9 kN/m3 and cohesion of 0.0 kN/m3 (WisDOT 2015).  

 

Failure Modes 

The modes of failure of MSE walls are divided into excessive deformation and collapse. 

Of 141 reported case history failures, internal instability; e.g., wide spacing, short lengths and 

low shear strength soil, accounts for 37 cases (26%), external instability; e.g., poor foundations, 

sloping exit angles, excessive surcharge loads, seismicity and low global shear strength 

accounts for 23 cases (16%); internal water; e.g., leaking drainage systems, broken water 

mains, and infiltrating water, accounts for 51 cases (36%); and external water; e.g., from the 

retained zone, tension cracks and elevated water level, accounts for 30 cases (22%) (Koerner 

and Koerner 2012).  

The primary causes of MSE wall failures are reported to be inadequate or improper 

design and/or construction. The major design inadequacy appears to be the lack of proper 

drainage procedures. The major construction inadequacy is the use of fine-grained silt or clay 

backfill soils and inadequate placement and compaction. Corresponding poor drainage leads to 

hydraulic pressures mobilized behind or within the reinforced soil zone, and requires the use 

of back and base drains to dissipate the pressures and remove the water at the front of the wall 

(Koerner and Koerner 2012). Figure 2-2 shows different failure modes for illustration. 

The stability of Mechanically Stabilized Earth (MSE) walls may be compromised in 

undrained conditions such as during heavy rain, flooding, or a rapid drawdown event. Excess 

pore pressures in non-freely draining backfills may not dissipate quickly enough, and thus may 

reduce effective stresses in the backfill soil, which in turn may cause a reduction of shear 

strength at soil-soil or soil-reinforcement interfaces (Bobet, 2002). Excess pore pressure also 

reduces the effective weight (buoyancy) of the reinforced soil zone and sliding resistance for 

external stability is decreased. Koerner and Koerner (2012) analyzed causes of failure of 141 

MSE walls (34 cases of excessive deformation and 107 cases of actual collapse) and found that 

58% were caused by internal or external water and that the major design inadequacy was the 

lack of proper drainage within the reinforced soil zone.  
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Figure 2-2. MSE wall failure mechanisms (after Koerner and Koerner 2012). 

 

Rapid Drawdown 

For MSE retaining walls potentially subject to inundation at the wall face, such as those 

located adjacent to rivers, canals, detention basins or retention basins, AASHTO specifies that 

a minimum hydrostatic pressure equal to 3 ft (1 m) should be applied at the high-water level 

for the design flood event (AASHTO section 11.10.10.3.). Situations where the wall is 

influenced by tide or river fluctuations may require that the wall be designed for rapid 

drawdown conditions from the high-water level, which could result in differential hydrostatic 

pressures considerably greater than 3.0 ft (1 m). As an alternative to designing for rapid 

drawdown conditions, No. 57 coarse aggregate, as specified in AASHTO M 43, could be 

provided as reinforced backfill for the full reinforced zone of the wall and to the maximum 

height of submergence of the wall. A geotextile filter should be provided at the interface of the 

No. 57 coarse aggregate and reinforced backfill above it, at the interface of the retained backfill 
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behind it, and at the interface of the coarse gravel and subgrade beneath it, unless the coarse 

aggregate meets the soil filtration criteria for the adjacent soils. Adjoining sections of geotextile 

filter/separator shall be overlapped by a minimum of 1 ft (0.3 m). 

Figure 2-1 shows an example detail. Corresponding destabilizing effects due to 

undrained conditions from rapid drawdown can be significant. For example, Aubeny et al. 

(2014) conducted stability analysis on an MSE wall subjected to rapid drawdown. The granular 

reinforced soil and the retained soil had friction angles of 34o and 30o; respectively. The rapid 

drawdown reduced the slope stability factor of safety by 22 to 33% depending on the amount 

of drawdown.  

Bobet (2002) investigated the pullout capacity of geogrid reinforcement in MSE walls 

under drained and undrained conditions for different types of soils. The results showed that 

undrained conditions significantly reduce the pullout capacity, by as much as 50%. This is 

caused by the generation of excess pore pressures in the soil under rapid loading which decrease 

the effective stress at the soil-reinforcement interface. The magnitude of the pullout reduction 

is related to the permeability of the soil since for large permeabilities the dissipation of excess 

pore pressures is very rapid and no sustained reduction in pullout capacity is produced; in 

contrast for low permeabilities the dissipation of excess pore pressures is slower than the rate 

of pullout and thus a reduction may occur. 

Within the unsaturated zone above the wetting front in the backfill, negative pore water 

pressure or matric suction develops and can have a significant effect on the active earth pressure 

exerted by the backfill soil (e.g., Vahedifard et al. 2014). It is thus important to know the 

location of the wetting front during rapid drawdown or water infiltration into MSE structure 

backfill, how this location changes over time, and how the corresponding excess pore pressures 

can reduce the internal and external stability of the MSE wall. Understanding the evolution of 

free water surface in a MSE wall backfill during flooding and rapid drawdown events and 

variation of stability factor of safety during these conditions warrants a research that evaluates 

these phenomena through physical and numerical modeling.   
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Figure 2-3. Example detail for wall that may experience inundation. 
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CHAPTER 3 : LABORATORY FULL-SCALE MSE WALL PHYSICAL MODELS 

 

This chapter describes the testing methodology and materials to evaluate and monitor 

construction and infiltration into the MSE structure backfill, water table evolution, and 

drainage capacity of the backfill for full-scale MSE walls. Two walls with different soil backfill 

were constructed and tested. The purpose of this task is to perform a detailed analysis of the 

infiltration, drainage and the internal and external lateral ground pressures that develop within 

the walls of the MSE under conditions that would be expected in the field.  

This task was accomplished using the Retaining Wall Test Facility of the Royal Military 

College of Canada (RMC), which has more than 30 years of experience with more than 15 

tested walls. The facility (Figure 3-1), as well as wall components, instrumentation, data 

acquisition, and construction equipment, were available for this project. This also follows on 

the experimental philosophy at RMC of varying one variable including wall facing type, facing 

batter, reinforcement type and properties, reinforcement vertical spacing, and backfill soil. 

Important research has been carried out at RMC, which contributed to the advance of 

understanding the behavior of MSE walls (e.g. Bathurst 2014, Bathurst et al. 2005, 2006, 

Miyata and Bathurst 2007, Walters et al. 2009, Bathurst et al. 2000).  

The Retaining Wall Test Facility consists of three main components, soil, facing and 

reinforcement. The choice of these materials followed technical recommendations and utilized 

reinforcement and facing common in North America. The main difference between the two 

walls was the backfill material, which follows the AASHTO (2010) and Berg et al (2009) 

recommendations but differ in soil grain-size distribution and permeability. 

After construction, the MSE wall was subjected to flood events, as well as 1 m 

drawdown events (according to AASHTO 11.10.10.3) in order to assess how the moisture 

regime develops within the MSE backfill material and retained soil. In order to perform the 

flooding and rapid drawdown test, a small tank was developed in front of the wall face that 

could simulate a flood as well as drain water during the rapid drawdown test. Temporal 

measurements of moisture distribution allow evaluation of the wetting front location (the line 

between saturated and partially saturated soil) throughout the tests. Internal and external 

instrumentation allowed simultaneous monitoring of MSE wall performance throughout flood 

and rapid drawdown events.  
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Figure 3-1. Retaining Wall Test Facility (Bathurst et al. 2000). 

 

Each wall was monitored using more than 200 instruments during construction, testing, 

and excavation. The instrumentation is presented in this chapter.  

 

Materials  

Backfill Soil  

According to AASHTO (2010) and Berg et al (2009), the backfill material must contain 

less than 15% fines (sieve No. 200) and a plasticity index (PI) of less than 6%. Following the 

recommendations, the first wall was constructed using a poorly graded sand whereas the second 

wall used a poorly graded sand with gravel. Soil testing for both materials occurred following 

the standards summarized in Table 3.1. 
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Table 3-1. Laboratory test standards and methods. 

Purpose Test Standard/Reference 

Soil classification test 
Grain size analysis test ASTM D6913-04 

Unified soil classification 
system ASTM D2487-06 

Compaction test Standard Proctor test ASTM D698-12e1 

Permeability test Permeability of Granular Soil 
(Constant Head) ASTM D2434-19 

Soil friction angle Direct Shear Test of Soil  ASTM D3080M-11 
Suction test Soil water characteristic curves ASTM D6836-16 

 

To classify the backfill soil grain size analysis (Figure 3-2-a) was performed. From the 

grain size results, it was possible to classify the material following the USCS (Unified Soil 

Classification System) classification. The Standard Proctor Test was used to find the maximum 

dry density and optimum moisture content (Figure 3-2-b). A series of direct shear tests were 

also conducted on the material in accordance with ASTM D3080. From regression of peak 

shear strength values were determined for both walls. The permeability tests were conducted 

to determine the coefficient of permeability by a constant-head method (Figure 3-2-c). 

Soil water characteristic curves (SWCC) for the backfill soil used in the analysis are 

shown in Chapter 4. SWCC were measured using the hanging column method for the sample 

compacted directly into a Buchner funnel as well as for the sample compacted into a confining 

ring placed in a Buchner funnel. Both samples were compacted to target values determined by 

Proctor compaction tests. 

Table 3-2 summarizes the results for both soil used in Wall#1 and Wall#2, however, 

details about the results are presented in Chapter 4. The main aspect that differentiates one 

MSE wall from another in this study is the backfill material. Figure 3-3 shows the Grain Size 

Distribution for both backfill. 
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Figure 3-2. Laboratory tests (a) Grain size analysis; (b) Standard Proctor test; (c) 

Permeability test. 

 

Table 3-2. Summary of soil results. 

 Soil#1 Soil#2 
Coefficient of uniformity 3.94 46.2 
Coefficient of curvature 0.85 0.82 

Maximum dry density (kN/m3) 17.78 21.93 
Optimum  moisture  content (%) 8.8 7 

Permeability (cm/s) 7.4x10-4 3.5x10-5 
Soil 

friction 
angle 

ϕpeak 40.8 44.5 
ϕcte volume 35.7 42.4 

USCS classification poorly graded sand poorly graded sand  with 
gravel 

 

a b c 
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Figure 3-3. Grain Size Distribution - Soil#1 and Soil#2. 

 

Reinforcement  

The reinforcement for both Walls consists of steel strips that have been engineered to 

provide additional strength and stiffness to the compacted backfill, while having no potential 

for voids between the soil and reinforcement. High-Adherence (HA) Ribbed Reinforcing Strips 

are manufactured by Reinforced Earth Company of Reston, Virginia, and intended primarily 

for MSE applications.  

The advantages of reinforcing steel strips are their high tensile strength and high pullout 

strength. High-grip reinforcing strips are hot-dip galvanized steel strips, ribbed perpendicular 

to the long shaft and a single screw hole at one end. The strips are structurally connected to the 

galvanized tie rods on opposite panels using a high strength nut/bolt/washer assembly. The 

dimensions of the steel strips used in the project were 50 mm in width, 4 mm thick strip, and 

3.3 m in length. Details of the steel strip design can be seen in Figure 3-4. The allowable 

reinforcement tension used for design shall not exceed 448 MPa. 
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Figure 3-4. Steel strip (a) Located at first layer, (b) Detail of the friction elements 

(Fang,1990). 

 

Facing  

Facing elements were constructed with nine modular precast concrete panels. The 

panels are cruciform (1.5 m x 1.5 m) (or half cruciform for the lateral panels) and make up a 

puzzle. The panels typically have a structural thickness of 14 cm, not including aesthetic relief. 

The central panels weigh about 7.75 kN whereas the lateral panels weigh about 5.15 kN. 

The joints between the panels are spaced using pad rubbers that do not allow one panel 

to touch the other (avoiding concrete breakage). These joints are covered by geotextiles on the 

back face to provide adequate drainage of the structure while preventing backfill loss (Figure 

3-5). Details of the connections between the face panels and steel strips are shown in Figure 

3-6. 
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Figure 3-5. View from inside of facility displaying geotextile used to cover gaps between 

adjacent panels. 

 

 
Figure 3-6. Detail of connection between facing and steel strip (Reinforced Earth, 2021). 

 

Components of the Test Facility  

 

General  

The test facility components, instrumentation, data acquisition, construction equipment, 

and infiltration and drainage simulators are used for this project and are described in this 

chapter. Instrumentation allowed the measurement of the following:  
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• Moisture content distribution;  

• Strain in the reinforcement layers;  

• Connection loads between the facing column and the reinforcement layers;  

• Wall facing deflections;  

• Horizontal and vertical toe loads;  

• Earth pressures at the base of the soil mass and within the soil mass;  

 

The Full-Scale Test Facility  

The Full-Scale RMC test facility is an indoor facility capable of reproducing retaining 

walls measuring 3.7 m high by 3.3 m wide and up to 6 m long (Bathurst et al. 2000). Located 

within the Structures Laboratory of the RMC Civil Engineering Department, the facility allows 

controlled environment testing and, for this project, a small tank to simulate a river flood was 

utilized. The backfill soil and wall facing are seated on a rigid concrete foundation. The soil is 

contained laterally between two parallel reinforced concrete counterfort walls bolted to the 

laboratory floor. At the rear of the test facility, a series of 330 mm high by 150 mm thick rigid 

concrete bulkhead panels are placed sequentially to contain the backfill as construction 

proceeds. In front of the facing, a structure with five vertical beams, plywood closure and 

enveloped with an impermeable membrane, allowed the construction of a small tank measuring 

2 m in height by 3.3 m in width and 0.6 m in length to simulate flooding of the wall’s front 

face.  

 

Backfill Soil Compaction  

The soil was placed and compacted in the wall following the same procedure for all 

layers. The soil was stored and moved through bags that provided ease of movement for this 

material with the operation of a crane in the laboratory. The backfill soil was compacted in 

150 mm lifts, totaling 24 layers. Each layer was compacted using a hand tamping plate 

measuring 250 by 250 mm and weighting 5 kg (Figure 3-7-a) in the first meter from the wall 

facing and the remaining 5 meters were compacted by a lightweight jumping jack tamper 

compactor (Wacker model ES 45Y Figure 3--b) for the first wall and a vibratory plate (Figure 

3-7-c) for the second wall. The first soil layer (15 cm) was compacted only with the hand 

tamping plate, as shown in Figure 3-7-a for both walls. The use of lighter compaction near the 

facing is consistent with field compaction procedures (Berg et al 2009) and reduces the effects 

of compaction on the wall face. To reach the optimum dry density, the manual compactor's 
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drop height was about 200 mm and four consecutive drops were performed at each location, 

this procedure was performed twice (totaling eight drops). On the other hand, the light vibratory 

compactor was passed twice to reach the desired density for the first wall. The compactor plate 

was passed four times to reach the target density.  

Density and moisture content readings were obtained using a Troxler 3411-B nuclear 

densimeter surface moisture density gauge (Figure 3-8). For each layer, nine readings were 

taken at specified locations. The average measured values of moisture content and bulk unit 

weight were verified to be within 95% of dry density for each layer.  

 

 
Figure 3-7. Compaction devices (a) hand tamping plate and (b) lightweight jumping jack 

tamper (c) vibratory plate. 
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Figure 3-8. Nuclear densometer – Troxler 3411_B. 

 

Sidewall Friction  

To decrease lateral friction and simulate plane strain conditions in the test facility, a 

lubricated polyethylene sheet system was developed by previous RMC researchers (e.g., 

Nelson 2005). The system is composted by a layer of Plexiglas sheet and three layers of 

polyethylene sheet with grease between the layers. The sheets have been properly stretched to 

prevent wrinkles. Between this system and the backfill soil an impermeable membrane is 

placed that served as a barrier to infiltration water during the flooding and rapid drawdown 

tests.  

The combination of the lateral plane strain system and the concentration of the 

instrumentation at the central part of the wall simulates field conditions in a well-controlled 

laboratory environment. 

 

Data Acquisition System  

The data monitoring and recording during all phases of the project were achieved using 

an Agilent 34980A data acquisition system combined with 34980A BenchLink Data Logger 

data acquisition software. A special data acquisition was used to collect the reading to the 

Moisture Content Sensors, CR1000 and TDR 100 Campbell Scientific were used to send the 



 
 

31 
 

electro waves responsible for generating the pulse to collect the moisture content. The software 

used for these CR1000 and TDR100 was PC200W Datalogger. A personal computer (PC) with 

i5-4590 CPU, 3.30GHz, 4 Core(s) processor and 8GB of RAM was connected to the Agilent 

and CR1000 units.  

The Agilent 34980A system has a capacity to monitor 560 channels distributed in eight 

cards. Cards three to six were reserved for strain gauges, which used an advanced high 

precision reading system. Two channels were used for each strain gauge.  

To connect the devices to the data acquisition system cards, distribution boards were 

used. They were able to distribute input voltages to the instruments. The input voltages for each 

set of instruments were continuously scanned by selected channels of the Agilent unit to check 

that there were no fluctuations in instrumentation excitation levels that could distort 

interpretation of data.  

A comma delimited file is created for each construction and flooding event. All files 

were saved and then converted from DCV and Ohms to the engineering units (kN, mm, kPa, 

strain) using a MATLAB code. 

 

Instrumentation  

A total of 230 instruments were used for the first wall and 234 instruments for the 

second wall to record the following measurements:  

• Horizontal and vertical footing loads 
• Horizontal wall facing deflections;  
• Reinforcement layer strains;  
• Vertical earth pressures at the base of the soil mass and within the soil mass; 
• Connection loads between the facing column and the reinforcement layers;  
• Moisture content on the backfill;  
• Water level;  
• Outward movement of the test facility sidewalls.  

 

Figure 3-9 and Figure 3-10 show the schematical instrumentation for the first and second 

walls, respectively. Some modifications regarding the location of the measurement sensors can 

be seen for the second wall in relation to the first. This change of location, mainly of the 

moisture content sensors, occurred to improve the analysis of the water level during the /rapid 

drawdown tests. Table 3.3 summarizes the instrumentation type and quantity of instruments 

used in each of the walls. 
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Figure 3-9. Wall #1 cross-section displaying instrumentation location. 
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Figure 3-10. Wall #2 cross-section displaying instrumentation location. 
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Table 3-3. Instrumentation summary 

 Instrument Purpose 
Number of 
instruments 
in Wall 1 

Number of 
instruments 
in Wall 2 

Manufacturer 

Facing 

Potentiometer 
(LVDTs) 

Horizontal 
movement of 

facing  
10 10 Penny and 

Giles 

Footing 
movement  6 6 Penny and 

Giles 

Toe load rings 
Horizontal 

load at 
footing  

6 6 Homemade 

Toe load cell Vertical load 
at footing  18 18 

Intertechnology  
Inc / Hoskin  
Scientific / 
homemade 

Soil 

Earth pressure 
cells  Soil pressure  12 12 Geokon 

EP4500 
Standpipes - 
piezometer  Water level  2 2 homemade 

TDR probes  Moisture 
content  18 18 Campbell  

Scientific 

Reinforcement 

Strain Gauges  
Local strain 

in 
reinforcement  

131 133 
Showa 

Measuring 
Instruments 

Connections  Local strain 
in panel  22 22 

Showa 
Measuring 
Instruments 

Test Facility 

Cable 
potentiometers 

(LVDTs)  

Movement of 
sidewall  1 3 Penny and 

Giles 

Thermocouple Temperature 4 4 Omega 
Total 230 234  

 

 

a) Facing Deflections  

Potentiometers were used to measure the horizontal movement of each panel face. 

Penny and Giles rectilinear potentiometers with 200 mm spring were installed on the central 

column of each wall. Each potentiometer was calibrated using calibrated stainless steel 

reference blocks and a 10-volt DC power source. The potentiometers were connected to the 

Agilent data acquisition system.  

For each panel, four potentiometers were installed, measuring the movement of the four 

corners of each central panel. The potentiometers were installed on a lightweight steel and 
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timber frame and connected to the panels with fishing line. The horizontal movement at each 

reinforcement layer was taken as the average displacement recorded by the potentiometer pair.  

In addition, six 200 mm stroke linear voltage displacement transducers (LVDT) were 

placed at the toe of the wall. Two LVDT was located at each of the Center, North and South 

sections of the wall to record the horizontal movement of the facing at the toe.  

 

b) Reinforcement Strains  

Reinforcement strains were measured locally using strain gauges bonded to the steel 

strips. All strain gauges were mounted in the longitudinal direction in order to capture strain 

associated with the outward movement of the wall face and development of potential failure 

planes through the reinforced soil zone. Strains in each reinforcement layer were measured 

successively to develop a strain distribution over the length of the reinforcement layer for any 

stage of the testing program. The strain gauges were N11-FA-5-120-11 type manufactured by 

Showa Measuring Instruments Company of Japan. The gauges have a 5.0 mm gauge length 

and a relative resistance of 120 ohms. The gage factor used was 2.12. Each strain gauge was 

then covered by a silicon sealant for protection. Strain gauges were mounted in pairs (above 

and below of each steel strip) and pairs placed at identical distances from the wall facing to 

provide redundancy and back-up in case of gauge failure. The strain gauges were connected to 

the D/A using the 4-wire ohm function in order to measure uniform single-axial strains.  

 

c) Vertical Earth Pressure  

To record the vertical earth pressures along the base of the wall and within the backfill 

ground, Geokon EP4500 earth pressure cells (EPC) were used.  

The EPCs are made up of two circular stainless-steel plates with a diameter of 230 mm 

welded together at their edges and filled with an incompressible glycol solution. A 

semiconductor strain gauge pressure transducer located in a narrow tube protruding from the 

plates that measures the internal fluid pressure. The Geokon EPCs were powered by a 10-volt 

DC source and are capable of measuring pressure in a range from 0 to 450 kPa.  

Each pressure cell was leveled in Plaster of Paris to anchor it to the floor of the facility. 

Earth pressure cells were calibrated in-situ for each wall using the self-weight of the soil above 

the cell for a height of 1 m and the voltage response from the Geokon cells. 

Seven EPCs were located on the ground of the facility and five were located mid-height 

between each reinforcement layer. 
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d) Connection Loads  

Strain gauges were installed in the clamps that connect the steel strip to the facing of 

the wall in order to measure the connection loads. These strain gauges are located on both sides 

of the clamps (above and below) on the panel and were calibrated prior to installation. A 

structure that is capable of applying a tension load to the connection was assembled. A tension 

captured by a load cell and the strain captured on the pair of strain gauges were related. The 

strain gauges were N11-FA-5-120-11 type manufactured by Showa Measuring Instruments 

Company of Japan. 

 

e) Horizontal Toe Loads  

Horizontal toe loads that were transferred from the facing column to the toe were 

measured using a series of six load rings anchored between a rigid beam bolted to the laboratory 

floor and the first row of facing panels. The vertical and horizontal loads acting at the toe were 

decoupled using a series of roller bearings at the base of the facing column. The aluminum load 

rings measured the load at the connection by means of four strain gauges attached in a 

Wheatstone bridge circuit. These rings were calibrated prior to installation. The first row of 

panels was seated on a steel plate which was placed on six rows of steel roller bearings to 

ensure that the load rings registered only the horizontal component of the force transferred to 

the toe. The load rings had the load capacity of 22 kN each. They were powered by a 5 VDC 

power supply. 

 

f) Vertical Toe Loads  

A series of 18 load cells divided in north, south and center plates were placed to collect 

the total load on the toe of the facing. The vertical load was measured by two columns of load 

cells supporting the roller bearing system placed at the first row of facing panels. Three types 

of load cells with four different capacities were used, one being a Canister type load cell models 

C62H1K-10P3 (4.5 kN capacity) and C62H-3K-10P3 (13.5 kN capacity) manufactured by 

Intertechnology Inc., the other being a disk compression load cell (manufactured by Hoskin 

Scientific) which have 22 kN capacity. A third type was a homemade load cell that has four 

strain gauges bonded on a steel disk when the compression is applied on the disk. The 

difference between the resistance in each strain gauge can be relate to the applied load, using 

the calibration.  
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g) Volumetric Water Content  

To measure soil volumetric water content, CS645 type probes were installed in the 

backfill. The CS645 probes, manufactured by Campbell Scientific, are used in Time Domain 

Reflectometer (TDR) based systems that generate a short rise time electromagnetic pulse that 

is applied to a coax system that includes a TDR probe for soil water measurements. This probe 

consists of three pointed rods and a low loss cable with each rod measuring 7.5 cm. The CS645 

acts as a waveguide. The impedance along the rods varies with the dielectric permittivity of the 

surrounding soil. As soil dielectric permittivity depends on the amount of water present, the 

soil volumetric water content can be calculated from the reflected measurements. In total, 18 

TDR probes were distributed in the backfill to measure the volumetric water content 

distribution. 

 

h) Water level sensors 

Three different points were chosen to read the water level using open pipe piezometers. 

The first point chosen was the tank in front of the facing and the other two near the back of the 

backfill, one located at 3.5 meter from the back of facing and the other located at 5 meters from 

the back of facing. Water level indicators consist of a probe, a cable with laser marked 

graduations and a cable reel. When the probe comes into contact with the water surface, the 

LED lights up and a sound is emitted. The water table level at the tip of the piezometer is 

calculated by subtracting the depth of water from the total length of the piezometer. 

 

Test Procedures  

In general, the two walls in this study were planned to be built similarly to the previous 

walls of the RMC program. A small tank was constructed in front of the facing wall to contain 

the water reservoir during infiltration. The two walls were identical, except for the backfill soil. 

Each wall measures 3.55 m high, 3.3 m long and the backfill extends over 6 m behind the front 

facing. Each wall was constructed with five layers of steel strips reinforcement and a vertical 

concrete panel facing. The backfill soil was placed in 24 compacted lifts of 150 mm thickness.  

Flooding and rapid drawdown tests were performed four times for the first wall and 

nine times for the second wall. Each test for the first wall took about seven days to be completed 

(one day for flooding and six days for the rapid drawdown), for the second wall the test took 

three days to be completed (11 hours for flooding and two days for the rapid drawdown). The 

flooding test was considered finalized when the backfill soil fully drained as indicated by the 

TDRs. 
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Preparation of RMC Test Facility and Instrument Calibration  

Prior to the construction of the walls, the test facility was prepared and the 

instrumentation inspected and calibrated. The facility sidewalls were first prepared as discussed 

above. Geokon earth pressure cells were then installed on the facility floor, leveled, and then 

cured in Plaster-of-Paris. Each pressure cell was tested prior to any soil being placed in the 

facility. All other instruments were calibrated, inspected and tested before and/or during their 

installation.  

An impermeable membrane measuring 8.5 by 12.5 meters Type 45 Safety Green Fabric 

with two drains on the horizontal surface was installed to enclose the water from the infiltration. 

 

Construction  

The total construction time for the first wall was 3,900 hours and for the second wall 

was 1,500 hours. The general procedure for construction was as follows:  

• Tank in front of facing - A small wooden structure was constructed, enveloped with an 

impermeable membrane on the front of the face to simulate the flood of a river. This 

structure was built to keep water at 1-meter level as it seeped through the facing panels and 

into the backfill.  

• Support for facing panels - To measure movement at the toe of the wall, a structure was 

developed. Load cells were placed on the laboratory floor and leveled. Above these load 

cells were placed metal plates. To allow horizontal displacement of the facing panels, 

rollers were placed. And at the base of the face panels, another metal plate with 10 mm 

thickness was installed which was level with the wall floor.  

• Placement of the facing panels - Precast concrete panels were placed vertically with the aid 

of a crane. The center bottom panel was installed first and then the laterals. For erection, 

panels were handled by means of lifting devices set into the upper edge of the panels. Panel 

joint openings were 3/4” +/- 1/4”. Small rubber pads were placed between the panels to 

prevent friction, align the concrete panels and control the gap thickness. 

• Placement of the backfill soil - The backfill soil was stored into bags, which were moved 

from the floor of the laboratory into the test facility with the aid of a crane. The crane was 

used to move the soil into the test apparatus where it was spread by hand into approximately 

200 mm lifts. Since the soil would often come out of the stockpile at a moisture content 

below the optimum 4%, water was added until it reached the optimum moisture content.  
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• Compaction - To reach the target density, it was determined that two passes per lift reached 

the bulk density using the electric jumping jack tamper (first wall), vibratory plate (second 

wall) and the manual compaction plate. Each lift was compacted to a final depth of 

approximately 150 mm using a hand tamping plate on the front 1 m and the vibratory 

compactors elsewhere.  

• Soil bulk density and moisture content measurement - At each lift, nine points were selected 

to measure soil density and moisture content using a Troxler 3411-B nuclear densimeter. 

All points should have a density equal to or greater than 95% compaction based on Standard 

Proctor. If any of these readings were not within the specified range of density and moisture 

content, the soil lift was recompacted accordingly.  

• Reinforcement placement and facing connection - The compacted soil level was 5 cm 

above of the tie strips connections (following manufacturer instructions). Each 

reinforcement strip was connected to the embedded panel tie strip by inserting the end of 

the reinforcing strip into the gap between the two exposed ends of the tie strip. Three holes 

were combined and a bolt was pushed through the holes from below, placing a washer on 

top, threading on a nut and tightening. The bolts were mounted through both flange of the 

coupling strip, perpendicular to the steel surfaces, and had full bolt head and washer/nut 

against the tie strip flanges.  

 

Flooding and rapid drawdown test  

Four tests were performed on the first wall and nine for the second wall. All tests 

followed the same procedures. First, the data acquisition started to run. Second, the tank located 

in front of the facing was filled until the water level reached 1 m, after that, the tap was 

controlled in order to maintain the tank water level at 1 m. All measurements were taken 

throughout the test. When the water level reached 1 m across the backfill, i.e., the same 

hydrostatic pressure (about 24 hours after the flood started for the first wall and 11 hours for 

the second wall), the drains were opened and the drainage process started. The readings 

indicated that after six days (for the first wall) the backfill soil was at the same hydraulic 

pressure as the start of the test and two days for the second wall. 

 

Excavation  

The excavation of the walls was carried out following the inverse procedures as defined 

for the construction. Each layer of soil was removed manually and transported out of the 
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structure. The density and moisture content readings were taken again at selected soil lifts for 

comparison. Care was taken to remove devices that were installed inside the backfill and to 

keep the waterproof membrane free of damaged. 
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CHAPTER 4 : FULL-SCALE TEST RESULTS AND ANALYSIS 

 

This chapter presents the results that were collected during the construction and testing 

of the first and second wall. The results reported for the walls include soil results and 

instrumentation readings and flooding/rapid drawdown tests.  

 

Wall 1  

 

Backfill Soil  

Using the Unified Soil Classification System, the backfill material was classified as a 

poorly graded sand. Figure 4-1 provides the particle size distribution. The grain-size 

distribution parameters were determined as coefficient of uniformity of Cu=3.94 and a 

coefficient of curvature of Cc=0.85. The sand has a specific gravity of soil solids, Gs, of 2.65 

and a maximum and minimum void ratio of 0.72 and 0.42, respectively.  

From Standard Proctor tests, an optimum moisture content (OMC) of 8.8% and 

maximum dry unit weight of 17.78 kN/m3 were found (Figure 4-2). During the construction, 

the compaction target was greater than 95% of the maximum dry unit weight. The permeability 

of sand under constant head was 7.4x10-4 cm/s.  

Shear strength envelopes from direct shear tests presented a peak friction angle and 

constant volume friction angle of the 41 degrees and 36 degrees, respectively. 

An important aspect when analyzing soil suction is the soil water characteristic curve 

(SWCC) that correlates Volumetric Water Content and Suction, these results are presented in 

Figure 4-3. 

Figure 4-4 shows the soil unit weight and moisture content readings for the sand taken 

during construction. The soil readings presented an average dry density of 17.4 kN/m3 with a 

standard deviation of 1.23 kN/m3 with a moisture content of 6.94% with a standard deviation 

of 1.1%. A parameter that was difficult to measure was the moisture content because of the 

high sand permeability. However, given the relative flatness of the compaction curve, it was 

possible to interpret that soil moisture was not a determining factor in achieving the target 

compaction. More details on compaction can be seen in Appendix B. 
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Figure 4-1. Wall #1 – Backfill soil grain-size distribution. 

 
Figure 4-2. Wall #1 – Standard Proctor test results. 
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Figure 4-3. Wall #1 – Soil Water Characteristic Curve. 

 

 
Figure 4-4. Wall #1 – Compaction readings from the densometer (a) Soil density readings 

and (b) moisture content. 
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Instrument measurements during construction  

 

a) Facing Deflections  

Displacement of the wall 1 panels was measured continuously during the construction 

period using potentiometer pairs recorded by the data acquisition system. These readings took 

place at the four corners of each central panels. For each level of the face, two instruments took 

readings and the result of each level was the average between the readings at the level.  

Figure 4-5 shows the total displacement, considering the desired initial alignment of 90 

degrees, of the 3 central panels. The results show a displacement of 8 mm at the top of the first 

panel at the moment when the floor level behind that panel was completed (moment 

immediately before the installation of the second panel). Outward displacement of 24 mm at 

the bottom of the second panel was recorded at the end of the construction of the second panel, 

and 34 mm at the top of the third panel at the end of the construction. 

Figure 4-6 shows the average displacement measured by potentiometer pairs during the 

test. The maximum facing displacement measured with respect to the end of construction was 

approximately 19 mm, recorded at the bottom of the second panel (0.85 m). The difference 

between the potentiometer pairs presented a maximum value of 5 mm (12% of the total 

displacement) for the same level at the end of construction. 

The total displacement of wall 1 was 34 mm at the top of the third panel. Variation in 

the panel movement is likely due, in part, to non-uniform bracing during the construction. 
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Figure 4-5. Wall #1 – Wall facing displacements. 

 

 
Figure 4-6. Wall #1 – Wall facing potentiometer measurements. 
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b) Reinforcement Strains  

Pairs of strain gauges were installed on each reinforcement layer to measure strain 

distribution along the strip throughout the test. Eight (8) strain gauges were installed on each 

side of the strips, totaling 16 strain gauges per bar. The strain for each position was the average 

of the strain gauge pairs. Each pair of strain gauges was placed on separate longitudinal 

reinforcement strips but at equal distance from the wall facing. The maximum strain recorded 

by a strain gauge was approximately 600 με measured by the strain gauges in layer 2 at the end 

of construction (Figure 4-7).  Figure 4-8 shows strain gauge versus time based on the average 

measurements from paired strain gauges during the construction period. An anomaly was 

observed in the sensor data located in the first reinforced layer at 2500 hours. This was due to 

an electrical failure on the board connecting these sensors, the issue was resolved quickly and 

did not generate issues for previous and subsequent data 
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Figure 4-7. Wall #1 – Reinforcement strains at end of construction. 
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Figure 4-8. Wall #1 – Strain recorded by strain gauges versus time during the construction. 

 

c) Vertical Earth Pressures  

Earth pressure was measured using seven (7) earth pressure cells (EPC) located on the 

test facility’s floor and 4 EPCs located within the backfill soil. The earth pressures measured 

by the seven pressure cells on the floor of the test facility are shown in Figure 4-9. At the end 

of construction, the earth pressure measurements varied between 42 and 170 kPa, which is 

representative of soil arching occurring within the reinforced zone. These values correspond 
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to 0.7 and 2.42, respectively, of the theoretical value of the earth pressure calculated for the 

column of soil (h) times bulk unit weight (γ). The bulk unit weight was calculated based on 

the results found in the average compaction of the readings taken during construction. The 

normalized curve is showed in Figure 4-10. 

Figure 4-11 shows the pressure-time response for the EPC located in the reinforced soil 

zone immediately behind the facing for different levels. At the end of construction, the cell 

located at 75 cm, 145 cm and 240 cm from the ground measured about 58 kPa, 46 kPa and 

12 kPa, respectively. These values are comparable to the theorical values. 

Figure 4-12 shows the pressure versus time for two cells located at 1.45 m from the 

ground. The first cell is located at 80 cm from the back of the facing and the second one is 

located at 290 cm. Similar to the ground pressure cells located on the test floor, the cell located 

farthest from the facing (290 cm) showed a lower pressure value (16 kPa) compared to the cell 

located close to the facing (80 cm) (46 kPa). 

 

 
Figure 4-9. Wall #1 – Vertical pressures recorded at the base of test facility. 
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Figure 4-10. Wall #1 – Normalized vertical pressures recorded at the base of test facility. 

 
Figure 4-11. Wall #1 – Vertical earth pressures recorded immediately behind facing along 

profile. 



 
 

51 
 

 
Figure 4-12. Wall #1 – Vertical pressures recorded at 1.45m elevation. 

 

d) Connection Loads  

Connection loads were measured at each reinforcement layer by two strain gauges in 

each clamp. The strain gauges were calibrated previously relating strain and load. The strain 

gauge located at the clamp of the first reinforced layer failed on the beginning of the test. Figure 

4-13 shows the strain measured in each layer during the construction period. Layer 4 shows 

that the highest average load (4.5 kN) occurs at the end of the construction.   
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Figure 4-13. Wall #1 – Connection load vs time. 

 

e) Vertical Footing Loads  

Vertical loads at the footing were measured by eighteen (18) load cells. The load cells 

were divided into 3 different plates (North, Center and South). On each plate, the cells were 

distributed in 2 columns (toe and heel). Figure 4-14 shows the total vertical load measured by 

the 18 load cells on the toe and heel columns. The results show that the load was concentrated 

on the heel, directly below the panels.  

Figure 4-15 shows the load distributed on each plate (North, South and Center) per 

meter. The load per meter of the wall measured under the center plate was approximately 12% 

greater than the load per meter on the north plate and 36% greater than the south plate. 

Figure 4-16 shows the normalized curve of the vertical footing load. The total load was 

divided by the facing self-weight. At the end of the construction, the normalized load was 2.1 

times greater than the load of the facing self-weight, which is reasonable based on previous 

measurements of full-scale walls and numerical models. 
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Figure 4-14. Wall #1 – Vertical footing loads vs time during construction. 

 
Figure 4-15. Wall #1 – Vertical footing loads per meter length of wall vs time. 
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Figure 4-16. Wall #1 – Normalized vertical footing loads. 

 

f) Horizontal Footing Loads  

The horizontal footing load sensors located on the sides of the facing failed after 1200 

hours of testing, and the sensors located in the center part failed after just over 1800 hours of 

testing. After the deconstruction of the wall, it was observed that the sensors failed due to a 

problem in the isolation (waterproof system) of the strain gauges that make up the sensor. 

Improvements were made to these sensors for wall 2. 
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Figure 4-17. Wall #1 – Horizontal footing load per meter length of wall vs time. 

 

Flooding and rapid drawdown test 

a) Water level  

During the flood test, water level readings were collected at three different locations 

within the facility. The first location is in the reservoir tank in front of the facing. The others 2 

points are located within the backfill soil and the readings were taken through the 2 standpipes 

located at 3.5 m and 5 m from the back of facing panel. In total, 4 complete tests were 

performed. The four tests showed similar results and behavior. 

Water percolation on the facing occurred through the 0.75 in. joints (according to 

AASHTO C11.10.4.1) located between the concrete panels. These joints were protected against 

material erosion through a geotextile filter that allowed the water flow. Figure 4-18 shows the 

results of the water level in the tank and in the 2 pipes versus time. The water level in the tank 

reached 1 m in height with 63 minutes from the beginning of the test. The flooding test was 

considered complete when all VWC sensors showed saturated readings and the water level on 

the pipes reached at 1 m, i.e., the same hydrostatic pressure.  

Then, the rapid drawdown test was initiated when the drains located in the tank were 

opened and the water level in the tank began to decrease rapidly. The tank emptied in 18 

minutes. 
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Figure 4-18. Wall #1 – Water level in reservoir and standpipes during a flooding and rapid 

drawdown event. 

 

b) Volumetric Water content (VWC)  

Figure 4-19 shows the volumetric water content on the first layer (15 cm from base of 

wall), the second layer (75 cm from base of wall) and the third layer (145 cm from base of 

wall) during the flood and drain test. VWC values of 0.35 indicate the soil is saturated. The 

first layer, with an elevation of 15 cm, remains saturated throughout the test. In the second 

layer, 75 cm of elevation, it is possible to check the change in VWC values and identify when 

the soil around the sensor was saturated. The third layer, being at an elevation higher than the 

water level, remains with low VWC levels throughout the test. Combining this VWC and water 

level data, it was possible to generate the wetting front curves (Figure 4.20) and the drying 

front curve (Figure 4.21). The results generated by the instruments located in the backfill soil 

and facing of wall 1 during the flood and rapid drawdown test are presented in Appendix A. 
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Figure 4-19. Wall #1 – Volumetric Water content (VWC) versus time for the flooding/rapid 

drawdown test. 
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Figure 4-20. Wall #1 – Wetting front at discrete times during flooding. 

 

 
Figure 4-21. Wall #1 – Drying front at discrete times during rapid drawdown event. 
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Wall 2  

 

Backfill Soil  

The component that varied between the two walls was the backfill material. For the 

second wall, a material was chosen following the requirements of ASSHTO and FHWA for 

MSE walls and classified by the USCS as a poorly graded sand with gravel. The main 

difference between the soil of wall 1 and wall 2 was the grain-size distribution. Soil for Wall 2 

included the presence of gravel as well as increased fines content. 

Figure 4.22 shows the particle size distribution. From the grain size distribution, a 

coefficient of uniformity of 46.2 and a coefficient of curvature of 0.82 were assessed. Standard 

Proctor test results presented a maximum dry unit weight of 22.17 kN/m3 and an optimum 

moisture content of 7% (Figure 4.23). The permeability of the sand with gravel under constant 

head was measured as 3.5x10-5 cm/s. The direct shear tests for wall 2 presented a peak friction 

angle of the 45 degrees and constant volume friction angle of the 42 degrees. The soil water 

characteristic curve (SWCC) are presented in Figure 4-24, these results correlate Volumetric 

Water Content and Suction. Construction of Wall 2 followed the same procedures as Wall 1 in 

terms of materials and controls. Figure 4.25 shows the compaction results from the wall 2. The 

soil readings presented an average bulk dry density of 21.08 kN/m3 and moisture content 

average of 6.7%. The dry density readings of each layer showed values equal to or greater than 

95% of the maximum dry unit weight value found through the Standard Proctor test. More 

details on compaction can be seen in Appendix B. 
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Figure 4-22. Wall #2 – Backfill soil grain-size distribution. 

 
Figure 4-23. Wall #2 – Standard Proctor test results. 
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Figure 4-24. Wall #2 – Soil Water Characteristic Curve. 

 

 
Figure 4-25. Wall #2 – Compaction readings from the densometer (a) Soil density readings 

and (b) moisture content. 

 

Instrument measurements  

 

a) Facing Deflections  

As performed in wall 1, displacement of the wall 2 was measured using potentiometer 

pairs. The average of two instruments made the readings for each level of facing. Figure 4.26 
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shows the total displacement of the 3 central panels. For calculating the displacement of the 

second panel, for example, the displacement of the top of panel 1 (on the end of construction 

of panel 1) was added to the total displacement of panel 2, thus maintaining the initial reference 

of 90 degrees. 

The maximum outward displacement occurred on the top of panel 3 (24 mm). This 

value is 0.66% of the overall wall height, which is reasonable for walls of this dimension. 

Figure 4.27 shows plots of facing potentiometer pairs during the construction. The 

maximum facing displacement measured with respect to the end of construction was 

approximately 9 mm, recorded at the top of the second panel. The outward displacement shown 

in this plot, represents the displacement of each panel considering the installation point of each 

panel as zero.  

 

 
Figure 4-26. Wall #2 – Wall facing displacement. 
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Figure 4-27. Wall #2 – Wall facing potentiometer measurements. 

 

b) Reinforcement Strains  

The reinforcement strips located in the central area of the backfill soil were 

instrumented with 16 strain gauges on each steel strip (8 pairs of strain gauge on each side of 

the strip). 

Figure 4-28 shows the average strain in different locations of the reinforced steel strips 

at the end of construction. The maximum strain recorded by a strain gauge was approximately 

250 με measured by the strain gauge in layer 1 at the end of construction. Figure 4.29 plots the 

strain variation of each pair of strain gauge during the construction period.  
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Figure 4-28. Wall #2 – Reinforcement strains at end of construction. 
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Figure 4-29. Wall #2 – Strain recorded by strain gauges versus time during the construction. 
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c) Vertical Earth Pressures  

Seven earth pressure cells, located on the floor of the test facility, recorded the soil 

pressure during the construction period. The calibration for these earth pressure cells occurred 

in-situ, relating the voltage from the cells and the self-weight of the soil above the cells for 1 

meter of soil. 

Figure 4.30 shows the recorded earth pressure cells at the base of the test versus time 

for the period of construction. The maximum measurement at the end of construction was 76 

kPa (96% of the soil self-weight), in a cell located at 1.65 meters from the back of facing and 

the minimum was 25 kPa (32% of the soil self-weight) recorded at 0.21 meters from the back 

of facing. The normalized curve for the end of construction is shown in Figure 4.31. 

The EPCs located in the reinforced soil zone immediately behind the facing were 

located 1.45 m, 2.1 m, 2.55 m and 3 m above the base of the wall. Figure 4.32 shows the 

pressure-time response for these 4 EPCs. Figure 4.33 plots vertical pressure versus time for 

two cells located between 1.45 m and 3.00 m from the floor of the facility. The pressure-time 

response for these two cells were the same for the cell located at 50 cm and 300 cm from the 

back of facing. The results are consistent with the soil self-weight values at the level of 1.45 

meters. 
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Figure 4-30. Wall #2 – Vertical pressures recorded at the base of test facility. 

 
Figure 4-31. Wall #2 – Normalized vertical pressures recorded at the base of test facility. 
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Figure 4-32. Wall #2 – Vertical earth pressures recorded immediately behind facing along 

profile. 

 
Figure 4-33. Wall #2 – Vertical pressures recorded at 1.45m elevation. 
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d) Connection Loads  

Each reinforced layer recorded the load measured at the clamp between the concrete 

panel facing and the reinforced steel strips. On the clamp was installed a pair of calibrated 

strain gauges that related load and strain. Figure 4.34 shows the strain measured in each layer 

during the construction period. Layer 4, same layer as for wall 1, showed the highest load (12 

kN) at the end of the construction. 

 
Figure 4-34. Wall #2 – Connection load vs time. 

 

e) Vertical Footing Loads 

The 18 vertical load cells were placed below the concrete panels facing. The cells were 

divided in three plates (north, south and center) and in each plate divided in 2 columns (toe and 

heel).  

Figure 4.35 shows the results from the toe and heel for the period of construction. The 

heel column is the column that is located immediately below the panel facing and presents the 

greater value compared to the toe. 

Figure 4.35 also shows the load distribution during the construction period. The load 

per meter of the wall measured under the south and north plates was approximately twice as 

greater than the load per meter on the center plate. At the end of the construction, the 
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normalized load presented a load approximately twice as great as the load of the facing self-

weight. 

 

 
Figure 4-35. Wall #2 – Vertical footing loads vs time during construction. 
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Figure 4-36. Wall #2 – Vertical footing loads per meter length of wall vs time. 

 
Figure 4-37. Wall #2 – Normalized vertical footing loads. 
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f) Horizontal Footing Loads  

The horizontal footing load sensors were divided in south, north and center. Figure 4.38 

shows the measurements for the horizontal footing loads recorded during the construction 

period. At the end of construction, the maximum recorded load was 1.3 kN/m located at the 

south side. 

 

 
Figure 4-38. Wall #2 – Horizontal footing load per meter length of wall vs time. 

 

Flooding and rapid drawdown test 

a) Water level 

Figure 4.39 presents the water level for the external tank in front of facing and the two 

pipes located into the backfill. During the flooding test, the water level reached at 1 meter 

within 71 minutes. During the filling of the tank, water infiltration into the soil was allowed. 

For the rapid drawdown test, the external tank took 26 minutes to be emptied. 
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Figure 4-39. Wall #2 – Water level in reservoir and standpipes during a flooding and rapid 

drawdown event. 

 

b) Volumetric Water Content (VWC) 

The position of the VWC reading devices was modified for the second wall. In this way, 

it was possible to have more observations of the flood/drying front. The first layer of devices 

was installed at an elevation of 50 cm, the second layer at an elevation of 100 cm (maximum 

water level) and the third level at 150 cm from the floor. 

Figure 4-40 shows the volumetric water content for the three levels during the flood 

and rapid drawdown test. Some sensors showed erroneous readings of VWC sensors (for 

example, sensor located at 50cm above the base of the wall and 35cm from the back of the 

facing). The data is still useful to assess the timing of the wetting front and drying front so it is 

included in the figures. The curves show the shift from the VWC to layers 1 and 2 over time. 

The VWC sensor at 150 cm, which is 50 cm above the water level, remains constant throughout 

the test due to no saturation in the location of the devices. 

With the water level curves and VWC it was possible to generate interpretations of the 

wetting front (Figure 4.41) and the drying front (Figure 4.42). During the flood and rapid 

drawdown tests, all devices (external and internal) recorded the results and are presented in 

Appendix A. 
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Figure 4-40. Wall #2 – Volumetric Water content (VWC) versus time for the flooding/rapid 

drawdown test. Note: readings above 0.4 are interpreted to be representative of wetting front / 

drying front passing location. 
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Figure 4-41. Wall #2 – Wetting front at discrete locations during flooding. 

 

 
Figure 4-42. Wall #2 – Drying front at discrete locations during rapid drawdown event. 
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Major Observations and Interpretation of the Performance of Wall 1 and Wall 2 

 

In this chapter, general observations and conclusions regarding Wall 1 and Wall 2 

during the construction and flooding/rapid drawdown tests are summarized. Both walls 

presented the same characteristics including dimensions, facing (degree and material), 

reinforcement (spacing and material) and boundaries conditions. The only difference between 

the two walls was the backfill material, the first being sand and the second being coarser 

granular material (sand with gravel). 

Wall 1, with a sand backfill, was constructed in 3900 hours. This large amount of time 

for the construction occurred due to a problem with the crane that helped in the movement of 

the backfill soil and the facing. The major observations for wall 1 are summarized below: 

1. The out-of-alignment displacement, at the end of construction, was 0.95% of the overall 

wall height. At the end of flood and rapid drawdown cycle, the facing displacement was 

approximately 33 mm at the top of panel 3.  

2. At the end of construction, the vertical footing load was twice the self-weight of the 

facing panels. During the flooding and rapid drawdown tests, the load increased 3.1% 

of the load at the end of construction, however returned for the previous value at the end 

of rapid drawdown test. 

3. The maximum reinforcement strain was 600 με at the end of construction located on the 

second reinforced layer. Except for the strain gauge located in the first reinforced layer 

and 15 cm from the facing, the other devices did not show any variation during the flood 

and rapid drawdown test. 

4. The maximum load, at the connection between the panel facing and the reinforcement 

steel strip, was 4.5 kN at the connection of layer 4 at the end of construction. During the 

flood and rapid drawdown test, the connection did not show an important load change. 

5. The flood test was carried out in approximately 27 hours when all volumetric water 

sensors located 1 meter from the floor showed saturation, and the piezometers showed 

the water level at 1 meter. 

 

Wall 2 was sand with gravel backfill and was constructed in 1500 hours. This wall has 

the same characteristics as the first wall, except for the backfill. The following are the major 

observations and conclusions based on the construction, flooding and rapid drawdown periods: 
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1. At the end of construction, out-of-alignment displacement was 23 mm (0.65% of the 

overall wall height). Similar to Wall 1, Wall 2 showed a facing displacement of less 

than 1 mm during the flood test, however during the rapid drawdown test, the facing 

displacement returned to values very similar to those of before the flood test. 

2. The vertical footing load was 1.8 times greater than the self-weight of the facing panels 

at the end of construction. During the flood and rapid drawdown tests, the vertical 

footing load did not present a significant change in load. 

3. At the end of construction, the second reinforced layer presented a maximum of 250 με 

close to the back of facing. During the flood and rapid drawdown test, the strain gauge 

located in the first reinforced layer and 15 cm from the facing presented a change of 

100 με, however at the end of drawdown test, this device returned to previous 

values. The other devices did not show any variation during these periods. 

4. The maximum load at the connection was 12 kN at the end of construction for the device 

located at the 4th layer. During the flooding and rapid drawdown test, the connection 

located at the first reinforced layer varied 2 kN from the beginning of the flood test until 

the end of rapid drawdown test. It was the only sensor that recorded a change in load. 

5. The flooding and rapid drawdown tests were faster for the second wall than the first 

wall, although the permeability results (constant head) show the greater permeability 

value for the first wall. The flood test was carried out in approximately 11 hours when 

the water was 1-meter-high over the entire length of the backfill soil. 

6. The time to fill with water (1 m) the tank located in front of the face was 63 minutes 

for the first wall and 71 minutes for the second wall. It was due to the permeability of 

the soil of the second wall on the full scale physical model be greater than the first wall, 

which is also confirmed by the volumetric water content sensors. 

7. The water level and the volumetric water content sensors for both walls allowed to 

account for the transient unsaturated flow processes during flooding and draining 

cycles, generating the wetting and dry front. 

 

To summarize, the data set summarizes details of construction, flooding/rapid 

drawdown tests for concrete panel walls with steel strip reinforcement using two different 

backfills. The two backfill soils used in this study are within the range of particle size 

distribution specified by AASHTO (2010) and Berg et al (2009). Although both backfills are 

non-cohesive granular materials, they present different results regarding mechanical and 



 
 

78 
 

hydraulic behavior, as can be seen in the results of the large-scale physical model. The 

construction results display the density of data and indicate the walls are stable over the 

temporal range of the testing periods. During flooding/rapid drawdown both walls one and two 

showed minimal impact in relation to the stability. The measurements from these full-scale 

walls are available for numerical modeling to widen the application for analyzing moisture 

migration within reinforced and backfill materials to investigate a wider range of conditions.  
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CHAPTER 5 : NUMERICAL ANALYSIS 

 

Geometry  

The model wall is 3.6-m high and 6-m long. This geometry matches the full-scale wall 

geometry that was built in the Testing Facility at the Royal Military College of Canada (RMC). 

The boundaries at the bottom and right sides of the wall are treated as impermeable boundaries. 

The reservoir pressure head is applied at the front of the wall for steady state and transient 

conditions. Two standpipe piezometers were installed at 3.5 m and 5 m distance from the wall 

face to monitor water level rise inside the backfill. Various TDR cells were installed at different 

elevations within the backfill to measure the volumetric water contents during flooding and 

rapid drawdown scenarios. The water levels at the locations of standpipe piezometers and 

TDRs from the numerical analyses were compared to those from the measurements for 

calibration.  Figure 5-1 shows a schematic of the instrumented MSE wall that was modeled in 

full scale in the laboratory. The metal strip reinforcement is assumed to not affect the drainage 

capacity of the backfill, therefore it is not modeled for the seepage analysis. For stability 

analysis, metallic reinforcements were placed at vertical spacing of 0.37 m, 0.75 m, 0.73 m, 

0.75 m, and 0.55 m beginning from the bottom of the wall, and horizontally extended to 3.3 m 

inside the backfill. For seepage analysis, SVFlux GT, and for slope stability analysis, SVSlope 

GT from the software package SVOffice Version 5.0 were used. Figure 5-2 shows the 

geometries of the MSE walls modeled for seepage and stability analyses. The model wall face 

is slightly sloped so that it can be run by SVSlope GT.  
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Figure 5-1. A schematic of the prototype MSE wall. 
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(a) 

(b) 

Figure 5-2. Model MSE wall for (a) seepage and (b) stability analysis. 
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Initial Conditions  

For seepage analysis, the initial conditions include the initial water content, water table, 

and the initial head in front of the wall. The reservoir water heads of 1 m to 3.6 m were applied 

in front of the MSE wall for the flooding and rapid drawdown events. For slope stability 

analysis, the initial condition includes the pore water pressure distribution in the backfill soil 

obtained from the transient or steady state seepage analysis during flooding or rapid drawdown 

events. Backfill material properties used for seepage and stability analyses are summarized in 

Table 3-2 of Chapter 3. The soil friction angle used in the models from the laboratory triaxial 

tests is 35o.  

 

Seepage Analysis and Model Calibration 

The seepage analyses were done for two scenarios: (i) infiltration of the MSE wall 

backfill from flooding at the face of the wall, and (ii) rapid drawdown. The reservoir water 

level of 1 m that was applied to the full-scale walls at the RMC facility, was used to simulate 

the seepage analysis for calibration.  The water levels at the wall front and the two standpipe 

piezometer locations from the seepage model analysis were compared with the measured ones 

from the full-scale laboratory model test. The backfill hydraulic conductivity was then back-

calculated so that the calculated water levels match the measured ones. Wall #1 and Wall #2 

were constructed with fine and coarse sands as backfill, respectively. The initial pressure head 

(water table) for Wall #1 was at 0.2 m and for Wall #2 was at 0 m.  The back-calculated 

hydraulic conductivities from the seepage model calibrations for the fine sand backfill used in 

Wall #1 is 1.26×10-2 cm/s (4.5×10-1 m/h) and for the coarse sand backfill used in Wall #2 is 

3.3×10-1 cm/s (1.2×101 m/h). The higher back-calculated hydraulic conductivity for Wall#2 

backfill compared to that of Wall #1 agrees with the fact that the backfill material for Wall #2 

is coarser than Wall #1. Although the back-calculated hydraulic conductivities are different 

from those measured from the lab samples as described in Chapter 3, the back-calculated ones 

account for soil heterogeneity placed and compacted as backfill and possible various levels of 

compaction during construction, and therefore are considered more representative of full-scale 

conditions. Figure 5-3 shows the free water surfaces in the backfills from the seepage analysis 

and measurements from the full-scale models.    

Water infiltration in the backfill for Wall #1 was simulated at different times after 

flooding. Figure 5-4a shows the evolution of free water surfaces inside the backfill at different 

times for a water pressure head of 1 m (modeled to develop instantaneously) in front of the 

wall. Water seeps through the front face of the MSE wall. The rate of evolution of the free 
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water surface depends on the hydraulic conductivity of the backfill material.  For the sand 

backfill with hydraulic conductivity of k=1.26×10-2 cm/s (4.5×10-1 m/h), free water surface in 

the backfill reaches the elevation of the reservoir water at about 30 hours after flooding and 

saturates the backfill. On the other hand, Figure 5-4b shows the evolution of free water surfaces 

in the backfill at different times for a 1-m water rapid drawdown in front of the MSE wall. 

Similar to the flooding event, water pressure dissipates quickly. Nearly half of the volume of 

backfill under the reservoir elevation is unsaturated after 10 hours of rapid drawdown. Rapid 

dissipation of positive pore water pressure immediately behind the wall relative to the regions 

deeper inside the backfill is due to high hydraulic gradient at the proximity of the wall face.  

 
(a) 

 
(b) 

Figure 5-3. Free water surfaces inside the MSE Wall backfills for (a) Wall #1 and (b) Wall 

#2. 
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Figure 5-4. Evolution of free water surface inside the backfill (a) after flooding and (b) after 

rapid drawdown for Wall #1. 

Complete backfill desaturation takes longer than backfill saturation because water only 

dissipates through the front toe of the wall compared to backfill saturation where water seeps 

through the entire 1-m of the wall. Water infiltration in the backfill for Wall #2 was simulated 

at different times after flooding. Figure 5-5a shows the evolution of free water surfaces inside 

the backfill at different times for a water pressure head of 1 m (modeled to develop 

instantaneously) in front of the wall. For the coarse sand backfill with hydraulic conductivity 
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of k=3.3×10-1 cm/s (1.2×101 m/h), free water surface in the backfill reaches the elevation of 

the reservoir water at 1.1 hours after flooding and saturates the backfill. This indicates that 

backfill in Wall #2 with hydraulic conductivity that is about 27 times higher than that of Wall 

#1, reaches the saturation level about 27 times quicker than Wall #2. On the other hand, Figure 

5-5b shows evolution of free water surfaces in the backfill at different times for a 1-m water 

rapid drawdown in front of the MSE wall. For Wall #2, it takes about an hour to reach the same 

level of backfill desaturation compared to Wall #1 that would take about 30 h.  

 

 
Figure 5-5. Evolution of free water surface inside the backfill (a) after flooding and (b) after 

rapid drawdown for Wall #2. 

 

0

1

2

3

4

0 1 2 3 4 5 6

Pr
es

su
re

 h
ea

d,
 h

 (m
)

Distance from wall face, x (m)

0.5
0.20.05

t=1.1 h 

0.001

(a) Flooding

0

1

2

3

4

0 1 2 3 4 5 6

Pr
es

su
re

 h
ea

d,
 h

 (m
)

Distance from wall face, x (m)

t=0.001 h

0.05
0.2 0.5 1

(b) Rapid Drawdown



 
 

86 
 

Slope Stability Analysis 

At each seepage stage, slope stability analysis was conducted to evaluate stability of 

the MSE wall and calculate the factor of safety (FS) against sliding failure in limit equilibrium 

condition using GLE (Fredlund) method. Results of the transient seepage analyses were used 

as initial conditions to include pore water pressure distribution for slope stability analysis. 

Figure 5-2b shows a failure surface in the MSE wall with a corresponding factor of safety at 

one hour after flooding. The free water surface from the transient analysis is shown in the 

figure. Each factor of safety presented herein is the minimum factor of safety computed for 

many circular failure surfaces at a given loading condition. No erosion of metal strip or adverse 

scenario for integrity of soil-metal strip during water movement was considered.  

For Wall #2, the factors of safety against slope failure at different stages after the 

flooding and rapid drawdown scenarios were determined and are shown in Figure 5-6. The 

factor of safety before the flooding event is 2.1. After flooding to 2-m high in front of the wall, 

the factor of safety increases to 2.6 (an increase of 24%), and gradually decreases to the value 

before the flooding. The sudden increase in the factor of safety is due to the stabilizing effect 

of hydrostatic pressure acting towards the wall face. After flooding, water seeps into the 

backfill and increases the pore water pressure, which results in reduction in the factor of safety. 

The factor of safety eventually stabilizes to the same value before the flooding. Immediately 

after the rapid drawdown, the factor of safety drops to 1.8; representing a 14% reduction. 

Immediately after the rapid drawdown, the water pressure, which acts as a passive pressure in 

front of the wall, is removed while the positive porewater pressure is still present in the backfill 

behind the wall. The factor of safety gradually increases as the porewater pressure in the 

backfill dissipates through the MSE wall face.   

 

Parametric Studies 

Backfill hydraulic conductivity, water pressure head (hw), and length of the backfill (L) 

affect time to backfill saturation. To develop a graph that the time to complete backfill 

saturation (Ts) upon flooding can be estimated, several seepage analyses were performed on 

the model walls with varying K and hw/L ratio and the times to saturation for wall backfill were 

calculated. The hw/L ratio is an indication of hydraulic gradient over the length of the backfill. 

The higher the hw/L ratio the lower the Ts. Figure 5-7 shows the variation of Ts versus K at 

different hw/L ratios. As expected, the time to saturation decreases with increasing the backfill 

hydraulic conductivity and hw/L ratio.  
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Figure 5-6. Variation of factor of safety against slope failure after flooding and rapid 

drawdown scenarios. 

 

 
Figure 5-7. Variation of time to saturation with backfill hydraulic conductivity and hw/L. 
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3.3×10-1 cm/s). The level of flooding and drawdown is defined as the ratio of water pressure 

head (hw) in front of the wall to the height of the wall (H). This ratio accommodates the effects 

of unbalanced hydrostatic pressure relative to the total volume of the sliding mass. The 

sensitivity of the factor of safety with hw/H is significant. The factor of safety can increase by 

up to 105% immediately after flooding and decrease by up to 25% after rapid drawdown when 

hw/H ratio increases to 1.  It should be mentioned that these percent changes in factor of safety 

are extreme values assuming sudden rise or drawdown of reservoir. The gradual rise or 

drawdown that would allow some levels of hydrostatic pressure balance during flooding or 

pore pressure dissipation during rapid drawdown in the backfill will result in lower changes in 

the stability factor of safety than those presented herein.  The effect of hydraulic conductivity 

on ∆FS is shown in Figure 5-9. The change of backfill hydraulic conductivity does not change 

the stability factor of safety immediately after flooding or rapid drawdown but affects the rate 

of change in ∆FS after flooding or rapid drawdown. The lower the hydraulic conductivity, the 

slower the change in ∆FS after flooding or rapid drawdown events as indicated in Figure 5-9.   

 Figure 5-10 shows the effects of reinforcement tensile strength (T) and backfill friction 

angle on stability factor of safety for flooding and rapid drawdown conditions. The FS increases 

steadily as T increases from 5 to 15 kN/m beyond which the FS would remain constant. 

Increasing the backfill friction angle from 30o to 35o, increases the factor of safety for both 

flooding and rapid drawdown by about 20%. 

 
Figure 5-8. Change of stability factor of safety after flooding and rapid drawdown with time 

at different hw/H (for Wall #2, K=1.2×101 m/h or 3.3×10-1 cm/s). 
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Figure 5-9. Change of stability factor of safety after flooding and rapid drawdown with time 

at different K (for hw/H=0.5). 

 

 
Figure 5-10. Variation of factor of safety with reinforcement tensile strength. 
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CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS 

 

Two MSE walls were constructed with fine and coarse sands that cover the range of 

typical backfill materials used in MSE walls. Flooding and rapid drawdown events in front of 

the two MSE walls were simulated using numerical and physical models. The numerical 

seepage models were calibrated from the direct pore pressure measurements from the full-scale 

laboratory MSE walls. Evolution of free water surfaces and rate of backfill saturation and 

desaturation during flooding and rapid drawdown were obtained through transient seepage 

analyses as well as direct measurements in the laboratory. For the fine and coarse sands that 

were used as backfill materials, the time for backfill saturation were about 30 h and 1 h; 

respectively. Evolution of waterfront in the fine and coarse sand backfills and the rate of 

backfill saturation were determined for different water pressure heads and backfill hydraulic 

conductivities through a series of parametric studies.  

Variation of the stability factor of safety during flooding and rapid drawdown 

conditions was determined by limit equilibrium slope stability analysis. The stability factor of 

safety increases immediately after flooding and gradually decreases to the value before 

flooding as the sand backfill is saturated. On the other hand, the stability factor of safety 

decreases immediately after rapid drawdown and gradually increases to the value before rapid 

drawdown as pore water pressure dissipates from the sand backfill. The relative increase and 

decrease in the stability factor of safety after flooding and rapid drawdown depends on the 

water pressure head in front of the MSE wall relative to the height of the wall. The higher the 

pressure head relative to the wall height, the greater the change in the stability factor of safety 

is anticipated. The factor of safety can increase by up to 105% immediately after flooding and 

decrease by up to 25% after rapid drawdown when the ratio of the pressure head to wall height 

increases to 1. The percent rise or drop in the factor of safety presented herein are extreme 

values assuming sudden rise or drawdown of reservoir. The gradual rise or drawdown that 

would allow some levels of hydrostatic pressure balance during flooding or pore pressure 

dissipation during rapid drawdown in the backfill will result in lower changes in the stability 

factor of safety than those presented in this report.  Increasing the reinforcement tensile strength 

increases the stability factor of safety for both flooding and rapid drawdown conditions by up 

to a threshold beyond which the factor of safety would remain constant. The increase of backfill 

friction angle from 30o to 35o increases the stability factor of safety by about 20% for both 

flooding and rapid drawdown conditions.   
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To estimate the effects of flooding and rapid drawdown on MSE wall stability factors 

of safety at a given time, t, the following procedure is recommended out of the results of the 

research: 

 

1. Calculate the stability factor of safety during steady state seepage based on the backfill 

strength properties, geometry, and reinforcement layout and strength properties.  

2. Having the backfill hydraulic conductivity, the applied pressure head ratio (hw/H), and 

hydraulic gradient (hw/L), select the appropriate ∆FS-t graph.   

3. In the selected graph, choose or interpolate the change in the factor of safety, ∆FS, at a 

given time.   

4. Compare the new factor of safety with the minimum design factor of safety.  

 

The results and the procedure presented herein are valid for the range of the material 

properties and wall geometry and reinforcement layout used in this research and are intended 

to only provide an estimate. For a MSE wall of different reinforcement layout, slope, and 

backfill material type, the designer should analyze a separate and unique model.   
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APPENDIX A – Detailed Data from Wall 1 and Wall 2 

 

Response of sensors recorded during the flood test – Wall 1 

During the flood/drain tests, all sensors installed during the construction period 

recorded the behavior of the wall. Below, the behavior of the main sensors was presented. 

Figure A-1 shows the behavior of the strain gauges located on the reinforcement bars 

for the first 4 layers. It is possible to observe that only the sensor located in the first layer and 

close to the facing showed a difference of 100 με (an axial force of 4kN). 

Figure A-2 shows the behavior of the connections between the reinforcement bars and 

the face panels. The sensor located in the first reinforcement layer failed during construction, 

however an approximation with the value of the first strain gauge on the reinforced steel strip 

can be made, thus presenting a variation of 4kN during the flooding/drawdown test The 

difference between the lateral loads is very subtle during the test, except for the load located in 

layer 5, which shows a difference of just over 1kN at the end of the test (during the rapid 

drawdown period). Figure A-8 summarizes the difference in behavior during the flooding test 

and the rapid drawdown test. Both readings were taken at the end of each test. It is worth 

mentioning that an important sensor, located in the first reinforcement layer, failed at the start 

of construction. 

Figure A-3 and Figure A-4 show the results of the vertical footing loads. In both graphs, 

the loads increase, as soon as the flooding test start and decrease with the beginning of the rapid 

drawdown test. In Figure A-3 the heel curve does not show any difference, this is due to the 

concrete facing panels being located directly in this position (heel), presenting no space for the 

accumulation of water and, consequently, the increase in the vertical load. 

The earth pressure curves (Figure A-5) show a marginal pressure variation during the 

flood and rapid drawdown test. This marginal variation is due to the soil being compacted at 

95% of the maximum dry compaction, and little space for the water in the voids. 

Figure A-6 shows the displacement of the facing during the flood/rapid drawdown test. 

The position before the start of the test was given as zero, the data showed only the 

displacement to flooding and rapid drawdown. In the graph, it is clear the movement during 

the beginning of the flood and rapid drawdown test. Figure A-7 summarizes the displacement 

after the tests.  
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Figure A-1. Flooding test: Reinforcement strain during flood test (Wall 1) 
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Figure A-2. Flooding test: Connection load vs time (Wall 1) 
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Figure A-3. Flooding test_Vertical footing loads vs time during construction (Wall 1) 

 

 
Figure A-4. Flooding test_Vertical footing loads per meter length of wall vs time 

(Wall 1) 
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Figure A-5. Flooding test_Vertical Earth pressures recorded at the base of test facility 

(Wall 1) 

 
Figure A-6. Flooding test_Wall facing potentiometer measurements (Wall 1) 
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Figure A-7. Flooding test_Facing displacement vs elevation (Wall 1) 

 
Figure A-8. Flooding test_ Connection load vs elevation (Wall 1) 
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Response of sensors recorded during the flood test – Wall 2 

 

As with wall 1, sensors of wall 2 recorded the results of the flood and drain test. Figure 

A-9 presents the results of 5 reinforced layers with the correspondent strain during the flood/ 

drawdown test. The first layer, similar to wall 1, shows a change in strain during the tests. Only 

the sensors located at 150 mm from the back of facing presented a change in 100 με (4kN) at 

the beginning of the flood test and the remaining sensors do not show a relevant change in 

value. 

The connection between the concrete panel facing and the steel strip also was recorded 

during the tests. Figure A-10 shows the decrease of load from 4 kN to 0.5 kN for the connection 

located at the first layer. This value is similar to that shown in the sensor located close to the 

facing and in the first reinforced layer. The summarized difference in behavior during the flood 

test and the drawdown test is showed in Figure A-17. 

Figure A-12 shows the vertical footing load divided into two columns (toe and heel). 

The toe column presents a small increase in load and the heel a decrease in vertical load. This 

drop in the heel column is in agreement with the decrease in load on the connection load located 

at the first reinforced layer, which can mean a decrease in the vertical loads that occur due to 

the effect of horizontal loads on the back of the facing. Similar results are shown in Figure A-

13. 

Figure A-14 shows the response to the pressure cells under flood and drawdown 

conditions. The variation in pressure was marginal, as expected, due to the low volume of voids 

present in the compacted soil. 

Figure A-15 and Figure A-16 summarizes the facing displacement during the flood and 

drawdown test. Figure A-15 shows the potentiometers measurements, considering zero the 

moment just before the flooding test start and Figure A-16 shows the results of the facing 

displacement at the end of the flooding test (black line) and the end of drawdown test (blue 

line). 
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Figure A-9. Flooding test_Reinforcement strain during flood test (Wall 2) 
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Figure A-10. Flooding test_Connection load vs time (Wall 2) 

 
Figure A-11. Flooding test_Horizontal footing load vs time (Wall 2) 
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Figure A-12. Flooding test_Vertical footing loads vs time (Wall 2) 

 
Figure A-13. Flooding test_Vertical footing loads per meter length of wall vs time 

(Wall 2) 
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Figure A-14. Flooding test_Vertical Earth pressures recorded at the base of test 

facility (Wall 2) 

 
Figure A-15. Flooding test_Wall facing potentiometer measurements (Wall 2) 
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Figure A-16. Flooding test_Facing displacement vs elevation (Wall 2) 

 
Figure A-17. Flooding test_ Connection load vs elevation (Wall 2) 
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APPENDIX B – Nuclear Density Gauge (NUC) results 

 

NUC results – Wall 1 

 

Wall 1 

Layer Moisture content 
(%) 

Dry unit 
weight 

(Kg/m3) 

Wet unit 
weight 

(Kg/m3) 

% 
Compaction 

Void 
ratio 

1 6.74 1733.0 1849.80 95.6% - 
2 7.86 1764.9 1903.62 97.3% - 
3 7.94 1814.9 1958.88 100.1% 0.441 
4 7.14 1722.2 1845.17 95.0% 0.5682 
5 7.77 1794.0 1933.39 99.0% 0.5131 
6 7.38 1759.7 1889.49 97.1% 0.535 
7 6.94 1744.8 1865.94 96.2% 0.548 
8 6.90 1809.4 1934.30 99.8% 0.492 
9 7.34 1768.1 1897.97 97.5% 0.527 
10 6.66 1805.6 1925.73 99.6% 0.495 
11 7.73 1809.0 1948.90 99.8% 0.493 
12 5.48 1759.0 1855.35 97.0% 0.535 
13 6.46 1805.1 1921.78 99.6% 0.44 
14 6.09 1758.9 1865.99 97.0% 0.535 
15 6.32 1770.6 1882.49 97.7% 0.525 
16 5.86 1775.8 1879.76 97.9% 0.521 
17 5.86 1775.8 1879.76 97.9% 0.507 
18 6.28 1763.0 1873.68 97.2% 0.528 
19 6.45 1767.2 1881.15 97.5% 0.542 
20 6.01 1750.1 1855.31 96.5% 0.52 
21 7.63 1775.7 1911.21 97.9% 0.519 
22 7.69 1777.2 1913.87 98.0% 0.518 
23 8.18 1779.0 1924.48 98.1% 0.495 
24 7.91 1806.6 1949.47 99.6% 0.511 
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NUC results – Wall 2 

 

Wall 2 

Layer Moisture content 
(%) 

Dry unit 
weight 

(Kg/m3) 

Wet unit 
weight 

(Kg/m3) 

% 
Compaction 

Void 
ratio 

1 - - - - - 
2 2.79 2112.5 2171.44 94.5% 0.376 
3 4.67 2133.1 2232.63 95.4% 0.281 
4 4.79 2123.3 2224.93 95.0% 0.286 
5 4.14 2125.9 2214.04 95.1% 0.274 
6 3.60 2130.0 2206.63 95.3% 0.281 
7 5.60 2175.8 2297.62 97.4% 0.243 
8 4.34 2123.0 2215.26 95.0% 0.292 
9 4.00 2141.1 2226.78 95.8% 0.288 
10 4.24 2125.5 2215.70 95.1% 0.275 
11 4.78 2159.2 2262.39 96.6% 0.253 
12 4.32 2133.9 2226.12 95.5% 0.267 
13 5.14 2213.5 2327.42 99.0% 0.209 
14 5.93 2234.8 2367.37 100.0% 0.193 
15 2.53 2128.7 2182.59 95.2% 0.269 
16 3.34 2149.0 2220.87 96.2% 0.259 
17 2.39 2123.4 2174.17 95.0% 0.312 
18 3.78 2146.6 2227.66 96.0% 0.23 
19 4.90 2193.4 2300.85 98.1% 0.233 
20 5.20 2214.8 2329.95 99.1% 0.22 
21 5.19 2209.3 2323.97 98.9% 0.24 
22 5.20 2162.0 2274.42 96.7% 0.291 
23 4.89 2141.9 2246.57 95.8% 0.289 
24 4.84 2148.8 2252.87 96.1% 0.26 
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