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EXECUTIVE SUMMARY 

Mechanically stabilized earth (MSE) walls were constructed during the Interstate-15 (I-

15) expansion project from 1997 to 2001 in the Salt Lake Valley. During construction, 

galvanized steel wire reinforcement coupons were installed in select MSE walls for the purpose 

of being extracted and analyzed.  The purpose of this research was to extract galvanized steel 

coupons and conduct analysis to determine the extent of corrosion that has taken place since the 

study performed by Gerber and Billings (2010).  Due to another widening of I-15 taking place in 

2018-2020 that would bury access to many of the coupons, extraction began in early summer 

2018. 

Eighty-five galvanized steel coupons have been extracted from MSE walls along I-15. 

These coupons have been embedded in the soil backfill for approximately 20 years. The initial 

coating thickness of the steel coupons at time of installation is not known. Gerber and Billings 

(2010) conducted a similar study about 12 years after installation and determined the average 

coating thickness of the zinc galvanization. A corrosion rate could not be accurately determined 

at that time because the initial coating thickness was not known. 

Extraction and lab analyses have been performed and an average zinc galvanization 

coating thickness remaining after the 20 years in service determined. This value has been 

compared to the average zinc thickness determined after 12 years, and a corrosion rate for the 

eight-year period developed. The average rate of corrosion over the nominal eight-year period is 

approximately 0.024 oz/ft2/year (0.041 mils/year). 

The AASHTO design corrosion rate is 0.35 oz/ft2/year (0.59 mils/year) for the first two 

years and 0.09 oz/ft2/year (0.16 mils/year) until the depletion of the zinc (AASHTO 2017). The 

AASHTO design rate for depletion of zinc coating and subsequent corrosion of the steel 

reinforcement seems conservative for the corrosion conditions present for the MSE wall 

reinforcement coupons tested. Based on the corrosion coupons tested, the reinforcement of the 

MSE walls seems to have sufficient zinc galvanization remaining and total steel remaining to 

function as designed for more than the remaining design life. 
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1.0  INTRODUCTION 

1.1  Problem Statement 

Mechanically stabilized earth (MSE) walls are earth retaining systems frequently used for 

bridge abutments and retaining walls. They are used by the Utah Department of Transportation 

(UDOT) to support approach ramps to bridges along Interstate-15 (I-15) in the Salt Lake Valley 

(as well as at many other locations) and as retaining walls where there is a grade difference from 

the freeway to adjacent roads or properties.  

MSE walls are cost-effective forms of structural support that can tolerate larger 

settlements than many other types of retaining walls. MSE walls have three main components: a 

structural facing, the soil backfill, and the soil reinforcement. The structural facing is often pre-

cast concrete panels, used to prevent soil raveling and to anchor the soil reinforcement. The soil 

backfill material should typically be granular and to allow proper drainage. The soil 

reinforcement is metallic (strip or grid type) or geosynthetic (geotextile, strip, or geogrid) and is 

attached to the wall structural facing and placed in layers along the height of the soil backfill 

(AASHTO 2017). 

The MSE walls from which reinforcement coupons were extracted in this study were of 

two different types: one-stage walls made of concrete panel facing with welded wire 

reinforcement, and two-stage walls made with a metallic retention facing grid (mesh) with 

geosynthetic backing connected to a non-structural concrete panel wall. UDOT uses both types 

of MSE walls in bridge abutments and retaining wall systems, where the latter is typically used 

to accommodate larger settlements in subgrade soils. 

When the I-15 reconstruction project was underway in 1997 to 2001, UDOT required 

contractors to install steel wire coupons in selected MSE walls. These steel wire coupons were 

installed with the intent of later extraction to determine the levels of corrosion present. In 2010, 

Dr. Travis Gerber and Mr. Daniel Billings performed Phase I of the MSE wall reinforcement 

extraction project for UDOT; their extraction, laboratory work, and analysis will be referred to as 

“Phase I” for the remainder of this document (Gerber and Billings 2010). The work recently 

performed and presented herein will be referred to as “Phase II”. During Phase I, one coupon 
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was extracted from each of several MSE walls along I-15 between approximately 12300 South 

and 600 North, in Salt Lake County, Utah. The results from Phase I are used herein as a baseline 

to determine the corrosion rate of the reinforcement in the same MSE walls. The extraction and 

testing procedures used in this study are generally similar to those used by Gerber and Billings. 

The strength of an MSE wall is based upon the compound stability of the three wall 

elements, namely, the structural facing, the soil backfill, and the soil reinforcement. If any of 

these components fail, the integrity of the MSE wall could be compromised. This study 

determines the rate of corrosion of the galvanized steel coupons between Phase I and Phase II. 

The corrosion rate determined herein can be used to determine if the walls can be expected to 

perform as intended for the duration of their design life.  The corrosion rate might also be used to 

inform future design decisions regarding the use/amount of zinc galvanization or sacrificial steel 

used for MSE wall reinforcement. 

The type of reinforcement used in the MSE walls in this study is welded wire (mesh) 

steel reinforcement. The steel reinforcement was galvanized with zinc for corrosion protection. 

The reinforcement is embedded into the soil backfill to develop frictional and mechanical 

resistance against pullout. The friction between the steel reinforcement and soil as well as the 

tensile capacity of the steel itself resists lateral movements of the MSE wall.  If the steel 

reinforcement corrodes, the efficacy of the steel reinforcement diminishes. If the steel 

reinforcement corrodes excessively, the internal stability of the MSE wall would decrease 

allowing for potential pull-out or rupture of the reinforcement, which would cause displacement 

of the concrete panels. 

1.2  Objectives 

The purpose of the research presented herein was to determine the corrosion rate of the 

steel reinforcement in the MSE walls along I-15 between approximately 12300 South and 600 

North, in Salt Lake County, Utah. Knowing the corrosion rate of the reinforcement will allow 

UDOT engineers to take measures, if necessary, to prevent failure of the MSE walls. The design 

of future MSE walls could also be optimized using the corrosion rate determined herein, 

requiring less galvanization and/or sacrificial steel. 
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1.3  Scope 

The research conducted and presented herein had six tasks: 

1. Conduct a literature review. Previous research detailing MSE wall construction, corrosion 

of steel reinforcement in MSE walls, and effects of soil properties on reinforcement corrosion 

were studied.  The findings of this study are summarized in the Background section of this 

document. 

2. Conduct tensile strength tests on selected reinforcement coupons that were extracted 

during Phase I to obtain a baseline value of the strength of the reinforcement used in the MSE 

walls. 

3. Extract reinforcement coupons from several MSE walls along I-15 between 

approximately 12300 S and 600 N, in Salt Lake County, Utah. The locations of the coupons to be 

extracted are listed in Table 1-1 to Table 1-4. Aerial imagery maps indicating each coupon 

location are in Appendix A. The extraction was performed in 5 steps: 

I. Extract coupons in the walls listed in Table 1-1 that were going to be buried 

during the 2018-2020 I-15 widening/expansion project. The walls to be buried 

were located on the west side of the freeway (walls underlined in Table 1-1). 

II. Extract the remaining coupons listed in Table 1-1 and the coupons listed in the 

first two rows of Table 1-2. 

III. Extract coupons listed in the last two rows of Table 1-2. These coupons were 

located approximately 20 ft from the ground level and their extraction was aided 

by a steel saddle anchored at the top of the wall. 

IV. Extract coupons listed in Table 1-3. These additional coupons were identified 

after the start of the project through an inspection of the MSE walls at 7200 S and 

4500 S. 
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V. Extract coupons listed in Table 1-4. These additional coupons were also identified 

after the start of the project by conducting a site visit to MSE walls along the I-15 

corridor between approximately 7200 South and 800 South. 

4. Perform laboratory analysis to determine the corrosion on the galvanized steel coupons. 

5. Conduct soil moisture content analysis on extracted soil samples. 

6. Conduct tensile strength tests on the steel reinforcement coupons that were extracted 

during this study. 

In Figure 1-1, the nomenclature used to identify coupons in Table 1-1 through Table 1-4 

and Table 3-1 is illustrated. In these tables, the column labeled “Intersection, Quadrant, and 

Distance from End of Wall (ft)” describes the location of coupon extraction. The intersection is 

the street address of the intersection closest to the wall, and in some cases is the exact location of 

the wall. The quadrant (typically NW, NE, SW, or SE) is an imaginary grid if the intersection 

was to be split in four sections. The quadrant gives a description of direction from the 

intersection. The distance from the end of the wall is an approximate distance, in feet, from the 

MSE wall panel where the coupons are extracted, to the end of the MSE wall closest to the 

intersection. Each wall panel is typically 10 feet long, so distances are in increments of 10. For 

example, Coupon 80 would be labeled “1700S and I-15, NW, (260)”. 

 

Figure 1-1: Aerial View Illustrating Basis of Coupon Nomenclature 
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Columns labeled “Position of Coupon” are a spatial representation of where the coupons 

to be extracted are on the wall as shown in Figure 1-2. Wall numbers underlined in Table 1-1 

identify walls that are now buried and inaccessible due to the 2018-2020 I-15 expansion project. 

 

Figure 1-2: MSE Wall Panel with Coupons 

 

Table 1-1: Coupons Extracted During Phase I (x) and During Phase II: Task 3-I, 3-II (●) 

Wall # 
Intersection, Quadrant, and 

Distance from End of Wall (ft) 
Position of Coupon * 

No. of 

Coupons 

To be 

Extracted 

R-343-7 7200S and I-15, SW, (60) 
N ● ○ ○ ○ ○ ● S – TR 

N x ○ ○ ○ ○ ● S – BR 
3 

R-343-13 7200S and I-215 Ramp, NW, (100) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ x S – BR 
3 

R-343-37 7200S and I-215 Ramp, SE, (100) 
S ● ○ ○ ○ ○ ● N – TR 

S ● ○ ○ ○ ○ x N – BR 
3 

R-343-42 I-215 WB to I-15 SB Ramp, NW, (45) N x ○ ○ ○ ○ ● S 1 

R-344-1-A 5900S and I-15, SW, (250) N x ○ ○ ○ ○ ● S 1 

* BR = Bottom Row; MR = Middle Row; TR = Top Row. 
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Table 1-1: Continued 

Wall # 
Intersection, Quadrant, and 

Distance from End of Wall (ft) 
Position of Coupon * 

No. of 

Coupon To 

be Extracted 

R-344-1-B 5900S and I-15, SW, (565) N x ○ ○ ○ ○ ● S 1 

R-344-2-A 5900S and I-15, SE, (240) S ● ○ ○ ○ ○ x N 1 

R-344-2-B 5900S and I-15, SE, (490) S x ○ ○ ○ ○ ● N 1 

R-344-4 5900S and I-15, NW, (260) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ x S – BR 
3 

R-344-7 5300S and I-15, SW, (550) N ● ○ ○ ○ ○ x S 1 

R-344-11 5300S and I-15, NE, (200) S ● ○ ○ x ○ ○ N 1 

R-345-3 4500S and I-15, SW, (45) N ●○ ○ ○ ○ x S 1 

R-345-4 4500S and I-15, NW, (75) 
S ● ○ ○ ○ ○ ● N – TR 

S x ○ ○ ○ ○ ● N – BR 
3 

R-345-10 4500S and I-15, NE, (45) 
N ● ○ ○ ○ ○ ● S – TR 

N x ○ ○ ○ ○ ● S – BR 
3 

R-346-1C 3650S and I-15, W, (175) 

N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – MR 

N ○ x ○ ○ ○ ● S – BR 

5 

R-346-8 3300S and I-15, NW, (95) 
N ● ○ ○ ○ ○ ● S – TR 

N x ○ ○ ○ ○ ● S – BR 
3 

R-351-9 I-15 and 400S (@765W), SE, (150) 
S ● ○ ○ ○ ○ x N – TR 

S ● ○ ○ ○ ○ x N – BR 
2 

R-351-34 400S and UPRR, S side, (130) W ● ○ ○ ○ ○ x E 1 

R-351-50 400S and UPRR, N side, (26) E x ○ ○ ○ ○ ● W 1 

R-351-26 N Temple and I-15, SE, (190) S x ○ ○ ○ ○ ● N 1 

R-351-30 Argyle Ct (300N) and I-15, NE, (60) S ● ○ ○ ○ ○ x N 1 

* BR = Bottom Row; MR = Middle Row; TR = Top Row. 
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Table 1-2: Addition Locations of Coupons Extracted During Task 3-II, 3-III (●) 

Wall # 
Intersection, Quadrant, and Distance 

from End of Wall (ft) 
Position of Coupon * 

No. of 

Coupons 

To be 

Extracted 

R-343-13 7200S and I-215 Ramp, NW, (200) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – BR 
4 

R-344-18 South Vine Street (5280 Commerce Dr) N ● ○ ○ ○ ○ ● S 2 

R-345-09 4500S and I-15, SE, (45) N ● ○ ○ ○ ○ ● S 2 

R-346-05 3300S and I-15, SE, (45) N ● ○ ○ ○ ○ ● S 2 

* BR = Bottom Row; TR = Top Row. 

 

Table 1-3: Additional Locations of Coupons Extracted During Task 3-IV (●) 

Wall # 
Intersection, Quadrant, and Distance from 

End of Wall (ft) 
Position of Coupon * 

No. of 

Coupons 

To be 

Extracted 

R-343-7 7200S and I-15, SW, (400) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – BR 
4 

R-343-7 7200S and I-15, Southbound on Ramp, (450) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – BR 
4 

R-345-09 4500S and I-15, SE, (South end of Wall) N ● ○ ○ ○ ○ ● S 2 

* BR = Bottom Row; TR = Top Row. 
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Table 1-4: Additional Locations of Coupons Extracted During Task 3-V (●) 

Wall # 
Intersection, Quadrant, and Distance 

from End of Wall (ft) 
Position of Coupons * 

No. of 

Coupons To 

be Extracted 

R-343-8 7200S and I-15, NE on Ramp NB, (750) N ● ○ ○ ○ ○ ● S 2 

R-344-11 5300S and I-15, NE, (100) N ● ○ ○ ○ ○ ● S 2 

R-345-2 4800S and I-15, NW, (150) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – BR 
4 

R-345-2 4800S and I-15, NW, (500) 
N ○ ○ ● ○ ● ○ S – TR 

N ● ○ ○ ○ ○ ● S – BR 
4 

R-345-2 4800S and I-15, NW, (1000, 1010) 
N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – BR 
4 

R-345-6 4800S and I-15, SE, (600) 

N ● ○ ○ ○ ○ ● S – TR 

N ● ○ ○ ○ ○ ● S – MR 

N ● ○ ○ ○ ○ ● S – BR 

6 

R-350-1 1700S and I-15, SE, (150) N ● ○ ○ ○ ○ ● S 2 

R-350-11 1700S and I-15, NW, (260) N ● ○ ○ ○ ○ ● S 2 

R-351-4 800S and I-15, NE, (150) N ● ○ ○ ○ ○ ● S 2 

* BR = Bottom Row; MR = Middle Row; TR = Top Row. 
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2.0  BACKGROUND 

2.1 MSE Walls 

MSE walls are retaining structures that include reinforced soil. Applications for MSE 

walls are bridge abutments, wing walls, and embankments. They are cost-effective alternatives to 

reinforced concrete or gravity type walls and can tolerate larger settlements. In Utah, there are 

two common types of MSE walls: one-stage and two-stage walls. 

2.1.1  One-Stage Walls 

MSE walls are built layer by layer. At the beginning of a one-stage MSE wall, a concrete 

leveling pad is cast in place on the existing ground. This leveling pad acts as a placement guide 

for the MSE wall structural face panels. The first row of panels is set on the leveling pad to retain 

the first lift of soil. In Utah, concrete face panels are commonly 5 ft high by 5 ft long, or 5 ft high 

by 10 ft long.  

The first lift of structural backfill is placed on the native soil and compacted. Once 

compaction of the first layer is complete, the soil reinforcement is attached to the face panels and 

laid on the top of the layer of structural backfill, after which the next lift of structural backfill is 

placed and compacted. Each successive layer of the wall is constructed by adding additional 

rows of face panels on top of the previous row, filling the enclosed area with structural backfill, 

compacting the backfill, and laying subsequent layers of reinforcement. 

Once the specified number of layers has been placed, a concrete coping caps the wall face 

panels and provides an aesthetic finish to the top of the wall. Through this process of placing 

structural face panels, structural soil backfill and compaction, and reinforcement layering, the 

MSE wall becomes a composite system that can withstand lateral earth pressures, surcharge 

loads, seismic activity, and water infiltration. Figure 2-1 shows a typical cross-section of a one-

stage MSE wall. 
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Figure 2-1: Typical One-Stage MSE Wall Detail 
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2.1.2  Two-Stage Walls 

Two-stage MSE walls are used when large post-construction differential settlements are 

expected. Two-stage MSE walls differ in construction from one-stage MSE walls by the primary 

method of structural soil retention. While one-stage MSE walls retain the structural soil backfill 

with concrete face panels, two-stage MSE walls retain the structural soil backfill with a metallic 

welded wire facing grid backed with a geosynthetic fabric, which is anchored by reinforcement 

in the structural backfill. 

Although the structural soil-retention system is somewhat different, the initial 

construction sequence of the two types of MSE walls is similar. Once all layers of structural 

backfill, reinforcement, and fabric have been installed, an outer concrete paneling wall is 

installed as a second stage, leaving a space (gap or air void) between the first and second stages 

of the wall. 

The concrete panels for two-stage walls are basically the same as that used in one-stage 

walls. The panels are placed row by row and tied to the vertical, fabric-backed wire facing grid 

using metallic turnbuckle-type connectors; a gap is left between the face of the wire and fabric 

and the concrete panels. The two-stage MSE walls in this study have a gap of approximately two 

feet between the interior face of the concrete panels and the geosynthetic fabric. Figure 2-2 

shows a typical cross-section of a two-stage MSE wall. 

The two-stage MSE wall system is beneficial when large settlements occur. Because the 

concrete panels are not the system retaining the soil, when large soil settlement occurs, the 

concrete panels are not damaged like the panels in a one-stage wall if they were subjected to 

such settlement. 
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Figure 2-2: Typical Two-Stage MSE Wall Detail 
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2.2  Corrosion Factors 

Corrosion is an electro-chemical process involving water, oxygen, and a metallic 

element; an electrical current is required for the reaction to occur. On a bare steel reinforcing 

element, iron is oxidized in an anodic reaction as depicted in Figure 2-3. The buried 

reinforcement in an MSE wall becomes oxidized because electrons are transferred to the oxygen 

or the water in the surrounding soil. The soil and its components are reduced in a cathodic 

reaction, acquiring the electrons that are lost by the anodic reaction. The electrical current goes 

from anode to cathode in the soil and from cathode to anode in the reinforcing steel. At locations 

where the iron becomes oxidized, iron oxides and a corrosion product (rust) are produced 

(Mindess, Young, and Darwin 2003). 

 

Figure 2-3: Chemical Process of Corrosion 

When the iron ions leave the steel element to form rust, voids appear in the steel element 

causing a reduction in the cross-sectional area. This reduction in steel material leads to a loss of 

load capacity (i.e., strength of the reinforcement). The reduction in reinforcement strength 

weakens the MSE wall. If the reduction in strength is significant, the reinforcement in the MSE 

wall might fail, and failure of the MSE wall system can occur.  To reduce the corrosion potential 

of bare steel, the steel can be galvanized.  The process and benefits of galvanization are 

discussed in the next section of this chapter. 
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2.2.1  Gradation of Structural Fill 

During the construction process of MSE walls, structural fill (soil) material is placed in 

layers with reinforcement placed in between structural fill layers. This layering gives MSE walls 

their composite strength. To achieve such composite strength, the gradation of the structural fill 

soil material must meet certain standards. The MSE walls in this study were designed with a 

structural fill that conformed to the UDOT specification shown in Appendix B. Structural fill 

should also be such as to allow proper drainage of water. Without proper drainage, the fill will 

stay moist and significant amounts of water may exist near the metal reinforcement, enhancing 

the corrosion process. Other structural fill properties affecting corrosion potential include 

resistivity, pH, chlorides, salt content, and moisture content.  These properties are discussed 

below. 

2.2.2  Resistivity 

Soil resistivity is a measure of how well the soil resists the flow of electrons. Corrosion 

occurs when the metallic reinforcing loses electrons. Water is typically very conductive, 

attracting electrons. When there is water present in soil and the soil is less resistive, the electrons 

can flow more freely from the metal reinforcement. In contrast, if the soil has high resistivity, the 

migration of electrons will be more difficult.  The current AASHTO minimum requirement for 

soil resistivity is 3000 ohm-cm. Structural fill with a resistivity of 3000 ohm-cm or greater is 

generally considered to be nonaggressive (AASHTO 2017).  (It should be noted that other 

entities may use a lower threshold). 

Soil resistivity is commonly determined following the testing procedures outlined in 

AASHTO T-288 (AASHTO 2012) or ones similar. Current testing procedures, however, may not 

provide an accurate representation of the resistivity of coarser grained materials used as backfill. 

To find an alternative method for determining resistivity of coarse backfills, Arciniega et al. 

(2018) conducted a study to determine a correlation between particle size distribution of the soil 

fill and its resistivity. The authors were able to develop a model to design the gradation of a 

structural fill to achieve acceptable resistivity. The correlation between resistivity and particle 

size distribution developed from their research indicates (and confirms the rather widely held 
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understanding) that gradations with a greater weight fraction of fine sand and fines present lower 

resistivity. 

2.2.3  pH 

The level of pH of the soil represents the activity of hydrogen in the soil mixture. The pH 

can be used to help assess the effect that the soil will have on the corrosion of metal 

reinforcement embedded in the soil. Soils that are extremely acidic (having a pH less than 4) or 

that are strongly alkaline (having a pH greater than about 10), are associated with elevated 

corrosion rates. One of the major factors that contributes to the pH level in soil is the dissolved 

salts content. With high salt contents, pH levels in the soil will increase (Elias et al. 2009).  

2.2.4  Soluble Salts 

Salts, including chlorides and sulfates, increase the electrolytic conductivity of a soil 

solution. Due to the electrochemical process of corrosion, an increased amount of salts in the soil 

will cause more electrons to be lost from metallic reinforcement. The maximum acceptable level 

of salt content per AASHTO design guidelines for MSE walls is typically 100 PPM for chlorides 

and 200 PPM for sulfates (Elias et al. 2009). 

2.2.5  Organic Content 

Soils containing organic material are susceptible to the production of organic acids, 

which tend to produce pitting corrosion in metallic reinforcement. Organic material in soil can be 

reduced to organic acids when microbial growth in the soil is present. Organic material can 

infiltrate the soil during the service life of the structural fill. One of the ways that organic 

material can be introduced is through fertilizers for vegetation adjacent to the MSE walls. This 

fertilizer could leech into the soil from rain water or storm runoff. If vegetation or other 

microbial organisms are present or infiltrate the structural fill, the organic material that has 

infiltrated the fill could be reduced into organic acids. The pitting corrosion could reduce the 

strength of the MSE wall and cause early failures (Elias et al. 2009). 
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2.2.6  Moisture Content 

Gravimetric soil moisture content is the ratio of the mass of water present in a soil sample 

to the dry mass of the soil sample. High moisture content in the structural backfill of MSE walls 

can lead to accelerated corrosion rates. Well-drained, granular soils with moisture content of less 

than 5 percent are typically considered to be non-aggressive (Berg et al. 2009). The rate of 

general corrosion is increased in soils with a moisture content greater than 25 to 40 percent, or 

with a degree of saturation greater than 50 percent (Elias et al. 2009). 

2.2.7  Electrochemical Limits 

Table 2-1 summarizes the electrochemical limits for protection of metallic reinforcements 

as discussed above. Soils shall typically be considered nonaggressive if they meet this criteria 

(AASHTO 2017).  It should be noted that nonaggressive does not mean non-corrosive. 

Table 2-1: Electrochemical Limits of Metallic Reinforcement 

Property Standard Test Procedures 

Resistivity ≥3000 Ω-cm AASHTO T-288 

pH 5 to 10 AASHTO T-289 

Organic Content 1% Max. AASHTO T-267 

Chlorides ≤100 PPM ASTM D4327 

Sulfates ≤200 PPM ASTM D4327 

2.3  Galvanization 

Galvanization is the process of applying a protective coating of zinc or zinc alloy to steel. 

Typically, zinc is applied to steel members by a method called hot-dip galvanization, where the 

steel is immersed in a bath of molten zinc at a temperature of around 840°F (449°C). The zinc 

layer creates a protective coating around the steel that acts as a sacrificial surface for corrosion. 

Zinc has a lower rate of oxidation relative to steel, providing a slowly corroding surface which 

decreases the overall rate of corrosion of the composite metal sample. Also, the zinc oxide that is 

formed during the corrosion of the zinc adheres to the reinforcement and binds with the soil near 
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the metal surface, thereby creating a supplemental, protective barrier (Gladstone et al. 2006).  

Galvanization can be specified in terms of coating thickness (such as in mils) or the amount of 

material per surface area (such as in oz/ft2). 

Other coatings that have been used to protect steel samples are epoxy and other non-

metallic coatings. These other coatings protect the reinforcement against corrosion only by 

completely covering the steel sample. If there is any damage on the protective coating, localized 

corrosion and pitting can occur and decrease the structural integrity of the steel. Epoxy coated 

bars are not typically used in MSE wall reinforcement as zinc provides equivalent corrosion 

protection and increased frictional pullout resistance in comparison to smooth epoxy coatings. 

The reinforcement in the MSE walls studied was zinc galvanized welded wire 

reinforcement. The design specifications for the walls in this study are discussed in Section 2.4.  

2.3.1  Design Life 

MSE walls for transportation projects in the United States typically have a minimum 

design life of 75 years. MSE walls should be designed for a service life based on potential long 

term effects of material deterioration, seepage, corrosion of reinforcement, and other 

environmental factors that compromise the structural components of the wall (Berg et al. 2009). 

The MSE walls in this study have a design life of 75 years. 

2.3.2  Corrosion Design Rates 

Romanoff (1957) developed a predictive equation for general corrosion, and the formula 

proposed is presented in Equation (2-1): 

 𝑋 = 𝑘𝑡𝑛 (2-1) 

where X is the amount of material (weight or thickness) lost, k and n are constants related to soil 

condition and metal type, and t is time (usually in years, depending upon the constants used). 

AASHTO’s design corrosion rates (AASHTO 2017), presented in Table 2-2, were 

developed based on Romanoff’s work with buried metallic samples (Romanoff 1957).  The zinc 

is assumed to corrode first and have been consumed before the corrosion of the steel begins.  
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AASHTO’s corrosion rates reflect the soil parameters and limits previously discussed in Section 

2.2. 

The results of the tests conducted on the reinforcement extracted from MSE walls in this 

study are compared in Section 5.3 to the corrosion rates presented in Table 2-2. 

Table 2-2: AASHTO Design Corrosion Rates 

Component 

Type (age) 

Loss 

μm/year mil/year oz/ft2/year 

Zinc (<2 years) 15 0.59 0.35 

Zinc (>2 years) 4 0.16 0.09 

Steel (after zinc) 12 0.47 0.31 

 

2.4  UDOT MSE Wall Design Specifications for the I-15 Project 

The MSE wall manufacturer for the MSE walls used in the I-15 corridor reconstruction 

project was VSL Corporation.  The UDOT and VSL Corporation specifications and wall shop 

drawings presented in Appendix B reflect a galvanization coating of at least 86 μm (3.4 mils, 2.0 

oz/ft2), conforming to ASTM A123 (ASTM 1997). The minimum thickness specified is 

consistent with the FHWA MSE Wall design manual (Berg et al. 2009).  ASTM A123 specifies a 

minimum coating thickness for W11 wire of 85 μm. The VSL Corporation drawings detail that 

the steel wire material shall conform to ASTM A82 (ASTM 1997b) and ASTM A185 (ASTM 

1997c) with a specified yield stress of 448 MPa (65 ksi). The MSE walls in this study have W-11 

galvanized steel welded wire mesh reinforcement. 

The other reinforcement, backfill, and construction specifications for the MSE walls are 

listed in the specification documents presented in Appendix B. 
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3.0  PROCEDURES 

3.1  Overview 

The MSE walls discussed in this study were constructed from 1997 to 2001 as part of 

UDOT’s I-15 corridor expansion project. As part of the construction of the MSE walls, 

extractable reinforcement coupons were installed with exterior access. Due to another I-15 

expansion taking place in 2018-2020 that would bury access to the coupons, it was decided that 

coupons would be extracted beginning in early summer 2018. 

The UDOT Report No. UT-10.20 (Gerber and Billings 2010) and the Graduate Project 

report of Mr. Daniel A. Billings (Billings 2011) were reviewed to determine the procedure used 

in Phase I to extract the reinforcement coupons. Based on the review conducted, a procedure was 

designed for this phase of study, including a new extracting apparatus. The locations or sites 

along I-15 where reinforcement coupons were extracted in Phase I are listed in Gerber and 

Billings (2010). 

The sites of MSE walls with coupons were visited to verify correct site location and then 

to assess site access, needed safety precautions, and required placement location of the coupon 

extraction apparatus. During the site visits, several MSE walls containing reinforcement coupons 

that had not previously been assessed were found. Due to the additional locations of 

reinforcement coupons, the scope was expanded to include all known locations. Locations of 

reinforcement coupons are shown in Table 3-1. 

3.1.1  Extractable Coupons 

Concrete panels where the reinforcement coupons were installed had six access holes, as 

shown in Figure 3-1, to allow the extraction of the coupons. Depending on the number of 

coupons that were originally installed, MSE walls had either one, two, or three concrete panels, 

located one above the other, each with six access holes. 

https://drive.google.com/file/d/1Sp7N06DM81sgxBzuhuNvtta24AS5CcPE/view?usp=sharing
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Figure 3-1: Typical MSE Wall Panels with Test Coupons 

The reinforcement coupons were accessed through a 2-inch PVC pipe that was cast into 

the concrete panel. Typically, each access hole was plugged with two rubber stoppers; one that 

was flush with the exterior of the panel face (outer plug), and one that was approximately six 

inches back from the panel face (inner plug). Reinforcement coupons were threaded at the outer 

end and were installed through the inner plug so that the coupon was aligned with the center of 

the 2-inch diameter PCV pipe. The inner plug was also used to prevent the structural backfill of 

one-stage walls from raveling out through the PVC pipe. Most sites also had a hard-plastic disk 

between the two plugs to hold the end of the coupon in place. The coupons were often installed 

such that the tip of the coupon touched the interior face of the outer plug. Access holes in two-

stage MSE walls only had the outer plug. 

Two inches at the near end of each coupon was threaded to allow a coupler to be attached 

so that the coupon could be extracted. Due to the location of the threaded end of the coupon, the 

end was subject to a greater potential for corrosion since it was almost flush with the face of the 
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concrete panel. Water runoff, exposure to air, and potential for dislocation of the rubber outer 

plug increased the probability of corrosion to the end of the coupon. In order to protect the 

threaded end of the coupon against corrosion, most of the coupons had a silicone sleeve over the 

threaded portion as shown in Figure 3-2. 

 

Figure 3-2: Outer End of Test Coupon with Protective Sleeve 

Some of the ends were greased, some had both the silicone sleeve and grease, while others had 

no protection at all. The type of protection on the end of the coupon varied for each location. No 

particular pattern was detected, and no reason is known for the use of one method over the other, 

other than different installation crews were likely involved in different areas of the project. 

3.1.2  Coupon Locations 

A total of 85 coupons were extracted from MSE walls along I-15 in 2018 for Phase II. 

Due to the expansion of I-15 to begin in 2018, extra coupons were extracted from walls that 

would be buried behind new MSE walls. Being able to extract and analyze more coupons at each 

location is believed to result in the determination of a more representative rate of corrosion. 

Table 3-1 shows the coupon locations along I-15, the position of the coupon on the wall, 

and the wall height above each coupon. The wall height above the coupon was measured from 

the center of the 2-inch rubber plug to the bottom of the concrete coping at the top of the wall. 

This distance of wall height above the coupon will be used to determine the effect of proximity 

of the coupon to the soil surface on the amount of corrosion.  It can also be considered in the 

evaluation of pullout efforts. 

Aerial imagery maps indicating the extraction location of each coupon are presented in 

Appendix A.  The nomenclature used in the tables was described previously in Section 1.3. 
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Table 3-1: Locations of Extracted Test Coupons * 

Wall # ID# 
Intersection, Quadrant, and 

Distance from End of Wall (ft) 

Wall 

Stage 

Position of 

Extracted 

Coupon 

Height 

Above 

(ft) 

R-344-4-A 1 5900S and I-15, NW, (260) 1 N ● ○ ○ ○ ○ x S 15.2 

R-344-4-A 2 5900S and I-15, NW, (260) 1 N ● ○ ○ ○ ○ ● S 10.2 

R-344-4-A 3 5900S and I-15, NW, (260) 1 N ● ○ ○ ○ ○ ● S 10.2 

R-344-1-A 4 5900S and I-15, SW, (250) 1 N x ○ ○ ○ ● ○ S 7.3 

R-344-1-B 5 5900S and I-15, SW, (565) 1 N x ○ ○ ○ ○ ● S 6.7 

R-346-8-A 6 3300S and I-15, NW, (95) 1 N x ○ ○ ○ ○ ● S 11.0 

R-346-8-A 7 3300S and I-15, NW, (95) 1 N ● ○ ○ ○ ○ ● S 6.0 

R-346-8-A 8 3300S and I-15, NW, (95) 1 N ● ○ ○ ○ ○ ● S 6.0 

R-345-4-A 9 4500S and I-15, NW, (75) 1 S x ○ ○ ○ ○ ● N 11.9 

R-345-4-A 10 4500S and I-15, NW, (75) 1 S ● ○ ○ ○ ○ ● N 6.9 

R-345-4-A 11 4500S and I-15, NW, (75) 1 S ● ○ ○ ○ ○ ● N 6.9 

R-345-3-A 12 4500S and I-15, SW, (45) 1 N ● ○ ○ ○ ○ x S 7.5 

R-344-7-A 13 5300S and I-15, SW, (550) 1 N ● ○ ○ ○ ○ x S 6.7 

R-343-42-A 14 I-215 WB to I-15 SB Ramp, NW, (45) 1 N x ○ ○ ○ ○ ● S 9.5 

R-343-7-A 15 7200S and I-15, SW, (400) 1 N ● ○ ○ ○ ○ ● S 35.0 

R-343-7-A 16 7200S and I-15, SW, (400) 1 N ● ○ ○ ○ ○ ● S 35.0 

R-343-7-A 17 7200S and I-15, SW, (400) 1 N ● ○ ○ ○ ○ ● S 30.0 

R-343-7-A 18 7200S and I-15, SW, (400) 1 N ● ○ ○ ○ ○ ● S 30.0 

R-343-7-A 19 7200S and I-15, SW, (60) 1 N x ○ ○ ○ ○ ● S 35.0 

R-343-7-A 20 7200S and I-15, SW, (60) 1 N ● ○ ○ ● ○ ○ S 35.0 

R-343-7-A 21 7200S and I-15, SW, (60) 1 N ● ○ ○ ● ○ ○ S 35.0 

R-346-1C-A 22 I-15 Near 500W 3650S** 2 N ○ x ○ ○ ● ○ S 19.5 

R-346-1C-A 23 I-15 Near 500W 3650S** 2 N ○ ○ ● ○ ○ ● S 14.5 

R-346-1C-A 24 I-15 Near 500W 3650S** 2 N ○ ○ ● ○ ○ ● S 14.5 

R-346-1C-A 25 I-15 Near 500W 3650S** 2 N ○ ● ○ ○ ○ ● S 9.5 

R-346-1C-A 26 I-15 Near 500W 3650S** 2 N ○ ● ○ ○ ○ ● S 9.5 

*● = Extracted Coupon, ● = Extracted Coupon (corresponding to different ID # in this table), x = Extracted in 

Phase-I, ○ = Coupon still in-place in MSE wall 

**The distance from the nearest intersection is 1,700ft to the South at 3900 S and I-15 or 3,000ft to the North at 3300 

S and I-15. 
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Table 3-1: Continued* 

Wall # ID# 
Intersection, Quadrant, and Distance 

from End of Wall (ft) 

Wall 

Stage 

Position of 

Extracted 

Coupon 

Height 

Above 

(ft) 

R-343-13-A 27 7200 and I-215 Ramp, NW, (100) 1 N ● ○ ○ ○ ○ x S 11.6 

R-343-13-A 28 7200 and I-215 Ramp, NW, (100) 1 N ● ○ ○ ○ ○ ● S 6.6 

R-343-13-A 29 7200 and I-215 Ramp, NW, (100) 1 N ● ○ ○ ○ ○ ● S 6.6 

R-343-13-A 30 7200 and I-215 Ramp, NW, (280) 1 N ● ○ ○ ○ ○ ● S 11.6 

R-343-13-A 31 7200 and I-215 Ramp, NW, (280) 1 N ● ○ ○ ○ ○ ● S 11.6 

R-343-13-A 32 7200 and I-215 Ramp, NW, (280) 1 N ● ○ ○ ○ ○ ● S 6.6 

R-343-13-A 33 7200 and I-215 Ramp, NW, (280) 1 N ● ○ ○ ○ ○ ● S 6.6 

R-343-37-A 34 7200S NB I-15 Exit, (100) 1 S ● ○ ○ ○ ○ x N 12.4 

R-343-37-A 35 7200S NB I-15 Exit, (100) 1 S ● ○ ○ ○ ○ ● N 7.4 

R-343-37-A 36 7200S NB I-15 Exit, (100) 1 S ● ○ ○ ○ ○ ● N 7.4 

R-343-33-A 37 7200S and I-15 SB on Ramp, (450) 1 N ● ○ ○ ○ ○ ● S 5.0 

R-343-33-A 38 7200S and I-15 SB on Ramp, (450) 1 N ● ○ ○ ○ ○ ● S 5.0 

R-343-33-A 39 7200S and I-15 SB on Ramp, (450) 1 N ● ○ ○ ○ ○ ● S 10.0 

R-345-9-B 41 4500S and I-15, SE, (110) 1 S ○ ● ○ ○ ○ ● N 4.5 

R-345-9-B 42 4500S and I-15, SE, (110) 1 S ○ ● ○ ○ ○ ● N 4.5 

R-345-9-A 43 4500S and I-15, SE, (40) 1 S ○ ○ ● ○ ○ ● N 7.0 

R-345-9-A 44 4500S and I-15, SE, (40) 1 S ○ ○ ● ○ ○ ● N 7.0 

R-344-2-A 45 5900S and I-15, SE, (240) 1 S ● ○ ○ ○ ○ x N 9.4 

R-344-2-B 46 5900S and I-15, SE, (490) 1 S x ○ ● ○ ○ ○ N 13.2 

R-345-10-A 47 4500S and I-15, NE, (45) 1 S x ○ ○ ○ ○ ● N 17.3 

R-345-10-A 48 4500S and I-15, NE, (45) 1 S ● ○ ○ ○ ○ ● N 12.3 

R-345-10-A 49 4500S and I-15, NE, (45) 1 S ● ○ ○ ○ ○ ● N 12.3 

R-344-11-A 50 South Vine Street (5280 Commerce Dr) 1 S ● ○ ○ ○ ○ ● N 8.5 

R-344-11-A 51 South Vine Street (5280 Commerce Dr) 1 S ● ○ ○ ○ ○ ● N 8.5 

R-344-11 52 5300S and I-15, NE, (100) 1 S ● ○ ○ ○ ○ ● N 7.9 

R-344-11 53 5300S and I-15, NE, (100) 1 S ● ○ ○ ○ ○ ● N 7.9 

*● = Extracted Coupon, ● = Extracted Coupon (corresponding to different ID # in this table), x = Extracted 

in Phase-I, ○ = Coupon still in-place in MSE wall 
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Table 3-1: Continued* 

Wall # ID# 
Intersection, Quadrant, and Distance 

from End of Wall (ft) 

Wall 

Stage 

Position of 

Extracted 

Coupon 

Height 

Above 

(ft) 

R-351-9-A 54 I-15 and 400S (@765W), SE, (150) 2 S ● ○ ○ ○ ○ x N 13.5 

R-351-9-B 55 I-15 and 400S (@765W), SE, (150) 2 S ● ○ ○ ○ ○ x N 8.5 

R-351-34-A 56 400S West Abutment, South Side 2 W ● ○ ○ ○ ○ x E 8.7 

R-351-50-A 57 400S West Abutment, North Side 2 E x ○ ○ ○ ○ ● W 13.3 

R-351-26-A 58 N Temple and I-15, SE, (190) 2 S x ○ ○ ○ ○ ● N 18.0 

R-346-5B 59 3300S and I-15, SE, (100) 1 S ○ ○ ● ○ ○ ● N 4.5 

R-346-5B 60 3300S and I-15, SE, (100) 1 S ○ ○ ● ○ ○ ● N 4.5 

R-351-30-A 61 Argyle Ct (300N) and I-15, NE, (60) 2 S ● ○ ○ ○ ○ x N 13.1 

R-345-2 62 4800S and I-15, NW, (500) 1 N ○ ○ ○ ○ ● ○ S 8.6 

R-345-2 63 4800S and I-15, NW, (500) 1 N ○ ○ ○ ○ ○ ● S 13.6 

R-345-2 64 4800S and I-15, NW, (500) 1 N ○ ○ ● ○ ● ○ S 8.6 

R-345-2 65 4800S and I-15, NW, (500) 1 N ● ○ ○ ○ ○ ● S 13.6 

R-345-2 66 4800S and I-15, NW, (150) 1 N ● ○ ○ ○ ○ ● S 14.2 

R-345-2 67 4800S and I-15, NW, (150) 1 N ● ○ ○ ○ ○ ● S 14.2 

R-345-2 68 4800S and I-15, NW, (150) 1 N ● ○ ○ ○ ○ ● S 9.2 

R-345-2 69 4800S and I-15, NW, (150) 1 N ● ○ ○ ○ ○ ● S 9.2 

R-345-6 70 4800S and I-15, SE, (600) 1 S ○ ● ○ ○ ○ ● N 8.8 

R-345-6 71 4800S and I-15, SE, (600) 1 S ○ ● ○ ○ ○ ● N 8.8 

R-345-6 72 4800S and I-15, SE, (600) 1 S ● ○ ○ ○ ○ ● N 13.8 

R-345-6 73 4800S and I-15, SE, (600) 1 S ● ○ ○ ○ ○ ● N 13.8 

R-343-8 74 7200S and I-15, NE on Ramp NB, (750) 1 S ● ○ ○ ○ ○ ● N 7.4 

R-343-8 75 7200S and I-15, NE on Ramp NB, (750) 1 S ● ○ ○ ○ ○ ● N 7.4 

R-345-2 76 4800S and I-15, NW, (1000) 1 N ● ○ ○ ○ ○ ● S 9.7 

R-345-2 77 4800S and I-15, NW, (1000) 1 N ● ○ ○ ○ ○ ● S 9.7 

R-345-2 78 4800S and I-15, NW, (1010) 1 N ● ○ ○ ○ ○ ● S 7.1 

R-350-11 80 1700S and I-15, NW, (260) 2 N ● ○ ○ ○ ○ ● S 20.0 

*● = Extracted Coupon, ● = Extracted Coupon (corresponding to different ID # in this table), x = Extracted 

in Phase-I, ○ = Coupon still in-place in MSE wall 
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Table 3-1: Continued* 

Wall # ID# 
Intersection, Quadrant, and Distance 

from End of Wall (ft) 

Wall 

Stage 

Position of 

Extracted 

Coupon 

Height 

Above 

(ft) 

R-350-11 81 1700S and I-15, NW, (260) 2 N ● ○ ○ ○ ○ ● S 20.0 

R-350-1 82 1700S and I-15, SE, (150) 2 S ● ○ ○ ○ ○ ● N 6.7 

R-350-1 83 1700S and I-15, SE, (150) 2 S ● ○ ○ ○ ○ ● N 6.7 

R-351-4 84 800S and I-15, NE, (150) 2 S ● ○ ○ ○ ○ ● N 12.9 

R-351-4 85 800S and I-15, NE, (150) 2 S ● ○ ○ ○ ○ ● N 12.9 

*● = Extracted Coupon, ● = Extracted Coupon (corresponding to different ID # in this table), x = Extracted 

in Phase-I, ○ = Coupon still in-place in MSE wall 

3.2  Extraction Procedures 

The galvanized reinforcement coupons embedded in MSE walls required extraction to 

perform laboratory analysis to evaluate the extent of corrosion that had occurred. The main 

equipment used to extract the coupons were a steel saddle, a center-hole hydraulic cylinder jack, 

couplers and extension rods, and a slide hammer. The procedure and use of each of these items 

are explained in this section. 

3.2.1  Steel Saddle Safety System 

Due to the height of some of the coupons above the ground, ladders were required to 

access the extraction holes. In order to comply with UDOT safety regulations and to reduce job 

site hazards, a safety device was designed and manufactured to assist with the extraction of the 

coupons. Figure 3-3 and Figure 3-4 show the Steel Saddle Safety System that was used to anchor 

safety harnesses and a pulley system for the hydraulic jack to the traffic barrier located at the top 

of the MSE wall. 

The saddle was transported to the freeway above the MSE wall and installed on the 

concrete barrier directly over the extraction location. The saddle was set on the barrier and bolted 

in place with set bolts underlain by neoprene pads to protect the concrete barrier surface. The 

safety harness and pulley for the jack were lowered to the extraction site below. The harness was 

then attached to a worker, and the jack was attached to the pulley system. 
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Figure 3-3: Steel Saddle Safety System 

 

Figure 3-4: Steel Saddle Drawings 

3.2.2  Extraction Device 

The device used to extract the steel coupons was a center-hole hydraulic cylinder jack, 

shown in Figure 3-5. The jack was welded to a 16 in. by 16 in. baseplate supported by a 

neoprene pad and stiffeners to distribute the force as uniformly as possible to the concrete panel 

face. Due to its appreciative weight and bulkiness, the extraction device was attached to a pulley 
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system to lift and center the jack over the extraction hole, rather than manually doing so via a 

ladder. 

 

Figure 3-5: Center-Hole Hydraulic Cylinder Jack 

3.2.3 Extraction 

Due to the varying degree of corrosion that had occurred at the end of many of the 

coupons as shown in Figure 3-6a, the end of the coupons were frequently re-threaded as shown 

in Figure 3-6b in order to facilitate attaching a coupler to the end of the coupon. The coupler was 

connected to the end of the coupon, as shown in Figure 3-6c, and an 18-inch, 3/8-inch diameter 

steel rod was attached to the coupler, as shown in Figure 3-6d. 

The center-hole jack was then mounted on the wall with the rod being positioned through 

the center of the jack, as shown in Figure 3-6e. Washers and a nut were then fitted on the end of 

the rod. A hydraulic pump, fitted with a calibrated pressure transducer, was attached to the 

center-hole jack, and the pressure transducer was connected to a computer. The jack was 

pumped, and the load was monitored and recorded throughout the procedure. The jack was 

continually pumped until the reinforcement coupon was extracted approximately 7 inches, as 

shown in Figure 3-6f; the pressure was then released, and the jack cylinder retracted. 
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When the jack was fully retracted, the nut and washers were pushed flush with the edge 

of the jack and the pumping process repeated. Once the coupon was extracted approximately 

another 7 inches, the jack was completely removed from the wall, as shown in Figure 3-6g. After 

the jack was removed from the wall, a lightweight slide hammer was used to continue the 

coupon extraction, as shown in Figure 3-6h, i, j. Once the coupon was completely extracted, a 

soil sample was obtained (where possible for the one-stage walls), as shown in Figure 3-6k, l. 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   

(j) (k) (l) 

Figure 3-6: Extraction Procedure 
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Figure 3-7 shows a typical pullout force vs time plot for a coupon. In this case, the load 

required to pull out the coupon was approximately 3500 lbs. The very small decreases in load 

observed between 0 and 3500 lbs are due to the pumping of the center-hole jack. In the plot 

shown, and as typical, the load dropped suddenly as the initial pull out of the coupon was 

observed. As extraction continued, however, the coupler sometimes was caught at the edge of the 

steel plate supporting the center-hole jack and, when that happened, the load would increase. In 

the plot shown, the load increased to approximately 3600 lbs. The coupler would eventually be 

freed as extraction continued and the load dropped suddenly. For the case shown, the extraction 

continued but the coupler was caught again at the edge of the center-hole jack, which happened 

sometimes, and the load would increase again. In the plot shown, the load increased to 

approximately 2200 lbs. As extraction continued, the coupler would slowly slide inside the 

cylinder of the center-hole jack and would eventually be freed again; causing the load to drop 

completely.  

 

Figure 3-7: Pullout Force vs. Time for Trial Extraction 

In a more typical extraction, the coupon was extracted approximately 7 inches during the 

procedure just described. The pressure in the center-hole jack was then released and the center-
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hole cylinder retracted to its resting position. The nut and washers were then pushed flush with 

the edge of the cylinder and the extraction resumed. The coupon was then extracted 

approximately an additional 7 inches. In the plot shown, a residual load of approximately 400 lbs 

remained before the pressure in the center-hole jack was released again. The coupon was then 

completely extracted using a slide hammer. 

The issues of the coupler frequently snagging on the edge of the steel plate and the center 

hole jack were resolved by grinding the long coupler nuts down on one end. This grinding 

created a tapered long nut that would slide more seamlessly past the different components of the 

extraction system. 

Once the coupon was completely extracted, a soil sample was obtained. The inner plug 

was located approximately 5 inches inside the hole and in order to retrieve a sample, the inner 

plug was removed by inserting a bent rod through the hole in the plug that was left by the steel 

coupon and pulling the plug out. Approximately 250 grams of soil was then obtained and the 

container and soil were immediately weighed. The outer plug was then replaced to cover the 

hole. 

3.3  Corrosion Lab Test Methods 

The purpose of this study is to determine the extent of the zinc coating loss (i.e., 

reinforcement corrosion) that has occurred since Phase I.  By comparing both sets of data, the 

rate of corrosion was determined. The methods used to evaluate metal loss as in Phase I are used 

again in this Phase II. 

The zinc coating was measured using three methods. The primary method used to 

measure the zinc coating was by weight in general accordance with ASTM A90/A90M (ASTM 

2018a). The weight method of measurement is considered to be more accurate and precise than 

the other methods and is therefore used in analysis and predictions for future corrosion behavior 

on the reinforcement in the walls in this study. The results of this method are used to calculate a 

rate of corrosion over the past 8 years. 
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The second method of measurement used the difference in diameter before and after acid 

stripping, i.e., the method specified in ASTM A90/A90M. This difference in diameter method is 

believed to not be as precise as the weight measurement method due to the bulking effect of zinc 

oxide. Oxidation of the galvanization expands the zinc layer, creating air voids between the zinc 

layer and the steel surface. The air voids would cause an inflated diameter reading and variation 

in the determination of the actual zinc present on the coupon. The difference in diameter method 

was used for comparison purposes only, and not for analysis and prediction of future corrosion 

rates. The thickness of zinc coating was also determined by a Magnetic Thickness Gauge. These 

three methods are described in more detail below. 

3.3.1  By Weight 

The method of determining the zinc coating thickness by weight was performed in 

general accordance with ASTM A90/A90M. Upon extraction of the steel coupons from the MSE 

walls, each sample was tagged with an identification number and transported back to the lab. The 

average conditions of the samples are represented by the samples shown in Figure 3-8. The 

majority of the coupons exhibited what was judged to be moderate to heavy zinc oxidation, but 

with minimal signs of steel corrosion or damage as shown in Figure 3-8a. A few samples showed 

light oxidation as shown in Figure 3-8b, whereas a few coupons had heavy mechanical damage 

as shown in Figure 3-8c. 

Coupons that had heavy mechanical damage were likely damaged upon installation and 

not caused by movement in the soil backfill. These visual observations relate to the samples 

tested by Gerber and Billings (2010), which showed light oxidation present on the samples. The 

visual difference in the eight years since the first phase of this study is a change from light 

oxidation to moderate oxidation. This condition of the coupons is expected, as zinc oxidation 

will gradually increase with time until full depletion of the zinc coating. 



33 

 

 

Figure 3-8: Typical Sample Conditions – Top (a), Middle (b), Bottom (c) 

3.3.1.1 Sample Preparation 

The steel coupons were cut into segments to facilitate lab testing and the qualitative 

measurement of corrosion due to distance of embedment from the concrete panel facing. Each 

coupon was punched (i.e., stamped) with a letter representing position along the coupon and a 

number denoting the coupon identification number. Figure 3-9 shows how each coupon was 

segmented. The first 12 inches of the coupon near the wall face and yet embedded in soil was 
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labeled sample “A”, the second 12 inches was labeled “B”. The third sample taken from each 

coupon was cut 24 inches from the end furthest from the concrete panel facing. This last sample 

was labeled “C”. The threaded portion of the coupon that was used for extraction purposes was 

cut off along with any coupon length that was not embedded in soil. For one-stage walls, the 

portion not embedded in soil was typically five inches. For two-stage walls, the portion not 

embedded in soil was typically about two feet. ASTM A90/A90M (ASTM 2018a) requires a 

minimum sample length of 12 inches for testing.  

 

Figure 3-9: Coupon Segmentation 

The physical side (end) of the sample with the stamped letter corresponds to the side of 

the sample that was closest to the concrete panel face. The side with the coupon identification 

number represents the side of the sample that was embedded deepest into the soil mass. After 

segmentation, a picture was taken of each sample; these pictures are presented in Appendix C. 

The samples were then washed in a xylol bath. Xylol is a volatile organic solvent used to remove 

any attached soil and very light oxidation prior to the acid stripping procedure. After the xylol 

bath, the samples were rinsed with denatured alcohol to remove the xylol.  

3.3.1.2 Initial Measurements 

Each sample was weighed to a precision of 0.01g using a small digital scale. The sample 

length was recorded using a tape measure to the nearest 1/16 of an inch. The diameter of each 

sample was measured five times at three different locations for a total of 15 measurements per 
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sample. The measurements were taken at each end and at the center of the sample. At each of the 

three locations along the length of the sample, the sample was rotated approximately 72° 

between each measurement. The average of all 15 measurements was used in analysis of the 

results. This was done to average out any abnormalities or bumps in the coating surface. 

Some samples had extreme unevenness (i.e., extrusions or dripping) of the zinc 

galvanization. This is likely due to the hot dipping process for galvanization, which requires the 

sample to be dipped and then left to dry. The time it takes for the zinc to solidify could allow for 

some flow or dripping of the zinc coating, thus causing bumps in the coating as shown in Figure 

3-10. 

 

Figure 3-10: Zinc Coating Surface Abnormality 

3.3.1.3 Acid Stripping 

The zinc galvanization was stripped away in general accordance with ASTM A90/A90M. 

Due to the dangerous nature of hydrochloric acid, safety measures following the MSDS for the 

safe use of the chemical were followed. The acid stripping procedure was done in a ventilated 

fume hood, meeting OSHA safety requirements for volume of air flow. Respirator masks and 

gloves were worn during the procedure. Samples were placed and removed from the acid by 

tongs to avoid any contact with the acid. Once stripping was complete, the acid and other 

chemicals used in the procedure were properly and safely disposed. 
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Figure 3-11: Hydrochloric Acid Bath in Ventilated Fume Hood 

Each sample was submerged in a 50% solution of hydrochloric acid and water for five 

minutes or until the stripping process was complete as indicated by the ceasing of bubbling from 

the chemical reaction as shown in Figure 3-11. The samples were placed in the acid solution with 

about one inch of space between each sample to allow the acid to contact each surface. 

Periodically during the five-minute bath, the samples were rotated using tongs to allow all 

surfaces to be stripped. 

The chemical reaction of the hydrochloric acid with the zinc would slow down after using 

the same bath of acid for multiple batches of samples. If the chemical reaction was slowed such 

that the zinc coating was not being fully removed in the five-minute period, the acid was 

disposed of, and a bath of new acid was made. Once bubbling ceased the samples were removed 

from the acid bath and placed in a bath of distilled water. After soaking in the distilled water for 

five minutes, the samples were rinsed again with water and dried using microfiber towels. 

After the acid stripping procedure was completed and the samples had dried, the samples 

were measured again for weight and diameter as described above in Section 3.3.1.2. 
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3.3.2  Diameter Difference 

The diameter difference method of determining zinc coating thickness is susceptible to 

relatively high error and variation in measurements. This error and variation are due to physical 

limitations of the digital calipers in precisely engaging the surface of the zinc coating. Due to the 

micro-peaks and abnormalities of the surface, an accurate diameter that qualitatively represents 

the diameter along the entire length of the sample is difficult to obtain. The diameter of each 

sample was measured 15 times and averaged to normalize the surface abnormalities of the zinc 

coating. The diameter was measured again 15 times and averaged after the zinc coating was 

stripped. 

The difference in the initial and final diameters was used as a measurement of zinc 

coating thickness only to compare results obtained from the other test methods. The results from 

the diameter difference method are not used to analyze the data and determine corrosion rates. 

This final diameter is considered to be a more accurate measurement because the stripped steel 

samples had smooth surfaces that rendered more consistent diameter readings. This value of final 

diameter is used in the weight method to determine zinc coating thickness. 

3.3.3  Digital Measurement 

The thickness of the zinc coating was also measured using a digital magnetic thickness 

gauge. The DeFelsko Positector 6000 device shown in Figure 3-12 was used as another method 

to verify that the results of zinc coating thickness determined using the weight method are in a 

reasonable range of accuracy. The results obtained from the digital measurements are not used to 

analyze the corrosion data; they are presented as a comparison to the weight method results. 

The magnetic thickness gauge measures the change in magnetic flux density at the 

surface of a magnetic probe as it nears a steel surface. The magnitude of the flux density at the 

head of the probe is directly related to the distance to the surface of the steel. This distance 

between the probe and the surface of the steel is taken as the zinc coating thickness.  

This test method does have similar limitations to that of the digital calipers. Because 

there are surface bumps and abnormalities, the digital readings of coating thicknesses can be 

variable along the length of each sample. In order to gather data that would represent the sample, 
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the digital measurements were taken at six locations along the sample. Two measurement 

locations were near one end (spaced about an inch apart), two in the middle, and two at the other 

end. At each of these six locations, measurements were taken at third points along the 

circumference of the sample for a total of 18 measurements. The 18 measurements were 

averaged for each sample to obtain a more accurate representation of the overall zinc coating 

thickness.  

 

Figure 3-12: DeFelsko Positector 6000 device 

3.4  Tensile Testing Procedures 

The strength of the steel coupons was determined and used to evaluate if there was a 

reduction in the tensile strength from samples of Phase I to the samples of Phase II. A reduction 

in strength could indicate that there may be some pitting in the steel. 

Tensile tests were not performed in the study by Gerber and Billings (2010). The samples 

that were extracted as part of their Phase I study were stored in a cool, dry location after 
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extraction and laboratory analysis, so corrosion was not present on stored samples. The Phase II 

samples were tested and compared to the samples tested from the extraction in Phase I. 

3.4.1  Tension Testing Phase I Samples 

Sixteen specimens from reinforcement coupons that were extracted in Phase I were tested 

to determine their yield and ultimate strengths. Eight specimens with the least amount of 

corrosion (Group X) and eight specimens with the most amount of corrosion (Group Y) were 

visually selected for testing. 

The specimens in Group X were chosen based on their apparent lack of corrosion. Eight 

specimens were selected: four specimens had their galvanization stripped while four specimens 

were still galvanized. Each sample was 10 inches long. To ensure fracture of the specimens 

within a specific location along their lengths, approximately two inches of gage length in the 

middle of the specimens was ground down to reduce the diameter of the specimens; the reduced 

diameters were measured and used to calculate the cross-sectional area, which was then used to 

calculate stresses. The four specimens that were still galvanized during selection of the coupons 

to be tested had their galvanization removed along the gage length when the specimens were 

ground down to reduce their diameters. Fracture of all specimens in Group X occurred within the 

gage length where no galvanization was present.  

The first four and second four of the Group X coupons proved to be identical (as would 

be expected) in the properties at their failure point. The fact that four were still galvanized and 

four were not had no effect on the results of the tension test because all failure locations did not 

have galvanization after the gauge length was ground down. 

The specimens in Group Y were chosen based on their apparent relatively high degree of 

corrosion. Group Y consisted also of eight coupons: four with and four without galvanization. 

Unlike specimens in Group X, specimens in Group Y were not ground down to reduce their 

diameter along the gage length. Thus, specimens could fracture anywhere along their lengths. In 

fact, all but two specimens began necking and eventually fractured outside of the 2-inch gage 

length being monitored during the test. The strain in these six specimens was not measured after 
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their ultimate stress was reached. Diameters measured using digital calipers were used for stress 

calculations.  

3.4.2  Tension Testing Phase II Samples 

The 12-inch samples in segmented groups A and B (corresponding to the location in the 

wall as shown in Fig 3-9) were tested in tension after the acid stripping procedure. The diameter 

after stripping was used for calculations of yield and ultimate strengths. The samples were tested 

using an Instron Machine, shown in Figure 3-13, and loaded with a strain rate of 0.1 in/min to 

failure. Yield and ultimate stress values were determined using equation (3-1): 

 𝜎 = 𝐹/𝐴 (3-1) 

where σ is the tensile stress in ksi, F is the measured force in kips, and A is the cross-sectional 

area of the sample in square inches. 

Each sample was placed vertically in the testing machine shown in Figure 3-13. The head 

grips at the top and bottom of the sample gripped about two inches each leaving an eight-inch 

potential failure area. An extensometer was attached in the middle of the eight-inch failure 

length. The gauge length of the extensometer was two inches. The failure did not always occur in 

the region recorded by the extensometer. Therefore, when necking in the sample began to occur 

outside the gauge length, the recorded value of strain dropped to zero. The value of stress 

recorded and used for comparisons was not affected by lack of strain recorded by the 

extensometer. 
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Figure 3-13: Instron Testing Machine 

3.5 Moisture Content Determination 

The moisture content of soil samples taken from extraction holes was determined in 

general accordance with ASTM D2216-10 (ASTM 2019). The soil sample was weighed in the 

field on a portable digital scale. An aluminum foil lid was placed over the soil sample and the 

container was placed in a zip-lock bag and sealed. The sealed sample was then placed in a cooler 

to reduce moisture loss due to evaporation. The soil samples were transported to the laboratory 

and the weight of the soil and container were determined, as shown in Figure 3-14, before being 

put in the oven at 110℃ ± 5℃. 
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Figure 3-14: Soil Weight Determination 

The moisture content of the soil samples was determined using equation (3-2): 

 
𝑤 = [

𝑊𝑤 −𝑊𝑑

𝑊𝑑
] ∗ 100 (3-2) 

where 𝑤 is the moisture content,  𝑊𝑤 is the weight of the moist sample, and 𝑊𝑑 is the weight of 

the dry sample.
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4.0  TESTING RESULTS 

4.1  Overview 

The results obtained from the testing procedures described in the last chapter are 

presented in this chapter.  The results are analyzed, interpreted, and discussed in the following 

chapter. 

4.2  Pullout Force 

As each coupon was extracted, the load was recorded during the entire extraction. In 

Figure 3-7, the response of the first and most complicated extraction accomplished was 

presented. In Figure 4-1, a more typical load vs. time response is presented.  

 

Figure 4-1: Pullout Force vs. Time for Trial Extraction 
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The peak force was used in comparisons to the following parameters: wall height above 

coupon, wall type, and coupon length. These parameters are listed in Table 4-1. 

Table 4-1: Summary of Coupon Extraction Data 

Coupon 

ID # 

Wall Stage 

(1 or 2) 

Overall 

Coupon 

Length (ft) 

Embedded 

Length (ft) 

Wall Height 

Above 

Coupon (ft) 

Peak Pullout 

Force (kips) 

1 1 6.5 6.0 15.2 3.56 

2 1 6.5 6.0 10.2 4.17 

3 1 6.5 6.0 10.2 4.60 

4 1 10.0 9.5 7.3 5.41 

5 1 10.3 9.8 6.7 5.99 

6 1 8.0 7.7 11.0 6.43 

7 1 8.0 7.6 6.0 6.14 

8 1 8.0 7.6 6.0 7.18 

9 1 6.5 6.1 11.9 4.28 

10 1 6.5 6.2 6.9 2.10 

11 1 6.5 6.3 6.9 3.24 

12 1 7.9 7.6 7.5 0.50 

13 1 10.0 9.6 6.7 1.44 

14 1 10.3 10.3 9.5 5.31 

15 1 10.3 9.9 35.0 4.60 

16 1 10.0 9.6 35.0 5.47 

17 1 6.5 6.1 30.0 2.28 

18 1 6.5 6.1 30.0 2.14 

19 1 6.5 6.1 35.0 3.33 

20 1 10.0 9.6 35.0 6.86 

21 1 10.3 9.9 35.0 5.44 

 

. 
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Table 4-1: Continued 

Coupon 

ID # 

Wall Stage 

(1 or 2) 

Overall 

Coupon 

Length (ft) 

Embedded 

Length (ft) 

Wall Height 

Above 

Coupon (ft) 

Peak Pullout 

Force (kips) 

22 2 8.0 6.0 19.5 0.50 

23 2 8.0 6.0 14.5 0.98 

24 2 8.0 6.0 14.5 1.76 

25 2 8.0 6.0 9.5 1.08 

26 2 8.0 6.0 9.5 1.02 

27 1 6.5 6.1 11.6 5.32 

28 1 6.5 6.1 6.6 4.69 

29 1 6.5 6.1 6.6 4.25 

30 1 6.5 6.1 11.6 4.53 

31 1 6.5 6.1 11.6 3.78 

32 1 6.5 6.1 6.6 4.94 

33 1 6.5 6.1 6.6 4.06 

34 1 6.5 6.2 12.4 7.20 

35 1 6.5 6.3 7.4 6.20 

36 1 6.5 6.3 7.4 3.67 

37 1 6.5 6.0 5.0 6.14 

38 1 6.5 6.1 5.0 7.35 

39 1 6.5 6.1 10.0 2.56 

40 1 6.5 6.0 10.0 5.43 

41 1 8.3 8.0 4.5 2.26 

42 1 7.6 7.3 4.5 1.85 

43 1 8.0 7.6 7.0 2.29 

44 1 8.0 7.6 7.0 3.27 

45 1 6.5 6.2 9.4 1.29 

46 1 10.0 9.5 13.2 6.89 

. 
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Table 4-1: Continued 

Coupon 

ID # 

Wall Stage 

(1 or 2) 

Overall 

Coupon 

Length (ft) 

Embedded 

Length (ft) 

Wall Height 

Above 

Coupon (ft) 

Peak Pullout 

Force (kips) 

47 1 8.0 7.7 17.3 5.53 

48 1 8.0 7.8 12.3 5.29 

49 1 8.0 7.6 12.3 5.49 

50 1 10.0 9.7 8.5 7.17 

51 1 10.1 9.7 8.5 5.65 

52 1 6.5 6.2 7.9 1.47 

53 1 6.5 6.1 7.9 2.87 

54 2 8.0 6.1 13.5 1.10 

55 2 8.0 6.1 8.5 0.92 

56 2 10.0 8.5 8.7 1.92 

57 2 10.0 8.3 13.3 1.01 

58 2 10.3 8.6 18.0 1.96 

59 1 6.5 6.3 4.5 1.24* 

60 1 6.5 6.3 4.5 1.24 

61 2 10.0 8.0 13.1 1.02 

62 1 6.5 6.2 8.6 1.79 

63 1 6.5 6.4 13.6 2.11 

64 1 6.5 6.1 8.6 2.99 

65 1 6.5 6.3 13.6 2.47 

66 1 6.5 6.2 14.2 2.10 

67 1 6.5 6.2 14.2 2.64 

68 1 6.5 6.1 9.2 5.90 

69 1 6.5 6.2 9.2 3.56 

70 1 8.0 7.7 8.8 3.85 

71 1 8.0 7.7 8.8 2.92 

*Load for coupon #59 was estimated to be the same as the adjacent coupon #60 
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. 

Table 4-1: Continued 

Coupon 

ID # 

Wall Stage 

(1 or 2) 

Overall 

Coupon 

Length (ft) 

Embedded 

Length (ft) 

Wall Height 

Above 

Coupon (ft) 

Peak Pullout 

Force (kips) 

72 1 10.0 9.7 13.8 4.15 

73 1 10.0 9.6 13.8 5.04 

74 1 10.3 9.8 7.4 5.54 

75 1 10.3 9.9 7.4 3.76 

76 1 6.5 6.2 9.7 4.53 

77 1 6.5 6.3 9.7 5.20 

78 1 6.5 6.2 7.1 3.66 

79 1 6.5 6.1 7.1 2.19 

80 2 10.0 7.9 20.0 1.24 

81 2 10.0 7.8 20.0 1.66 

82 2 10.3 8.3 6.7 0.96 

83 2 10.0 8.0 6.7 1.40 

84 2 10.0 8.5 12.9 1.81 

85 2 10.3 8.8 12.9 2.00 

 

4.3 Corrosion Results 

The thickness of zinc coating on each sample was determined in order to compare the 

current zinc coating thickness to the zinc coating thickness obtained by Gerber and Billings 

(2010). By comparing these data points, a corrosion rate (loss of zinc coating) over the past eight 

years was developed. The obtained corrosion rate is later compared in Chapter 5 to the AASHTO 

design rate for zinc depletion to determine if the MSE wall reinforcement is being depleted at a 

rate that might require mitigation or reconstruction.  

As discussed in Section 3.3, the method used in analyzing the data and making 

comparisons to past data as well as projecting corrosion rates is the weight method as described 
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in ASTM A90/A90M. The results of all three methods of zinc coating thickness determination 

that were performed are presented. However, the digital measurement method and the diameter 

difference method are not used in subsequent analyses. 

4.3.1  Weight Method 

After following the procedures stated in Section 3.3, the zinc coating remaining on the 

steel samples after being embedded in MSE walls for 20 years was determined using equation 

(4-1): 

 
𝐶 = [

𝑊𝑖 −𝑊𝑓

𝑊𝑓
] ∗ 𝐷 ∗ 𝑀 

(4-1) 

where C is the coating thickness in oz/ft2, Wi is the initial weight in grams, Wf is the final weight 

in grams, D is the diameter of the stripped samples in inches, and M is a constant equal to 163 

(ASTM 2018a). The results of the coating thickness measurements are shown in Table 4-2. 

Table 4-2: Zinc Coating by Weight 

Zinc Coating by Weight [oz/ft2 (mil)] 

Coupon 

ID 

Sections Along Coupon Length 
Average 

A B C 

1 2.78 (4.7) 2.54 (4.3) 2.23 (3.8) 2.45 (4.2) 

2 2.89 (4.9) 2.85 (4.8) 1.97 (3.3) 2.42 (4.1) 

3 2.89 (4.9) 3.09 (5.2) 2.14 (3.6) 2.56 (4.4) 

4 2.73 (4.6) 2.95 (5.0) 2.20 (3.7) 2.52 (4.3) 

5 2.59 (4.4) 2.78 (4.7) 2.25 (3.8) 2.47 (4.2) 
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Table 4-2: Continued 

Zinc Coating by Weight [oz/ft2 (mil)] 

Coupon 

ID 

Sections Along Coupon Length 
Average 

A B C 

6 3.02 (5.1) 3.24 (5.5) 3.31 (5.6) 3.22 (5.5) 

7 3.89 (6.6) 3.51 (6.0) 2.84 (4.8) 3.27 (5.6) 

8 3.39 (5.8) 3.42 (5.8) 3.45 (5.9) 3.43 (5.8) 

9 2.31 (3.9) 2.19 (3.7) 2.61 (4.4) 2.43 (4.1) 

10 3.00 (5.1) 2.72 (4.6) 2.88 (4.9) 2.87 (4.9) 

11 2.74 (4.7) 2.67 (4.5) 3.40 (5.8) 3.05 (5.2) 

12 3.86 (6.6) 3.62 (6.2) 3.24 (5.5) 3.49 (5.9) 

13 2.50 (4.3) 2.50 (4.3) 2.46 (4.2) 2.48 (4.2) 

14 2.59 (4.4) 2.44 (4.2) 2.24 (3.8) 2.38 (4.0) 

15 2.89 (4.9) 2.94 (5.0) 2.54 (4.3) 2.72 (4.6) 

16 3.04 (5.2) 3.32 (5.7) 2.68 (4.5) 2.93 (5.0) 

17 2.90 (4.9) 2.92 (5.0) 3.11 (5.3) 3.01 (5.1) 

18 2.41 (4.1) 2.55 (4.3) 2.59 (4.4) 2.53 (4.3) 

19 2.79 (4.7) 2.93 (5.0) 3.03 (5.2) 2.95 (5.0) 

20 2.30 (3.9) 2.31 (3.9) 1.83 (3.1) 2.07 (3.5) 

21 2.96 (5.0) 2.78 (4.7) 2.55 (4.3) 2.71 (4.6) 

22 3.69 (6.3) 3.72 (6.3) 3.41 (5.8) 3.56 (6.0) 

23 3.94 (6.7) 3.81 (6.5) 3.63 (6.2) 3.75 (6.4) 

24 3.57 (6.1) 3.68 (6.2) 3.75 (6.4) 3.68 (6.3) 

25 3.49 (5.9) 3.88 (6.6) 3.73 (6.3) 3.71 (6.3) 

26 4.15 (7.1) 4.07 (6.9) 3.36 (5.7) 3.74 (6.4) 

27 2.26 (3.8) 2.09 (3.6) 2.20 (3.7) 2.19 (3.7) 

28 2.26 (3.8) 2.03 (3.4) 2.15 (3.7) 2.15 (3.6) 

29 2.18 (3.7) 2.10 (3.6) 2.34 (4.0) 2.24 (3.8) 

30 2.81 (4.8) 2.14 (3.6) 2.35 (4.0) 2.41 (4.1) 
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Table 4-2: Continued 

Zinc Coating by Weight [oz/ft2 (mil)] 

Coupon 

ID 

Sections Along Coupon Length 
Average 

A B C 

31 2.33 (4.0) 2.46 (4.2) 2.12 (3.6) 2.26 (3.8) 

32 2.32 (3.9) 2.19 (3.7) 2.35 (4.0) 2.30 (3.9) 

33 2.03 (3.5) 2.10 (3.6) 2.30 (3.9) 2.18 (3.7) 

34 2.70 (4.6) 2.28 (3.9) 2.63 (4.5) 2.56 (4.4) 

35 2.31 (3.9) 1.97 (3.3) 1.85 (3.1) 1.99 (3.4) 

36 2.45 (4.2) 2.30 (3.9) 2.40 (4.1) 2.39 (4.1) 

37 0.34 (0.6) 1.23 (2.1) 2.19 (3.7) 1.49 (2.5) 

38 1.36 (2.3) 1.09 (1.8) 1.77 (3.0) 1.50 (2.5) 

39 2.50 (4.2) 2.20 (3.7) 2.01 (3.4) 2.18 (3.7) 

40 2.60 (4.4) 2.19 (3.7) 1.91 (3.2) 2.15 (3.7) 

41 2.76 (4.7) 3.79 (6.4) 3.11 (5.3) 3.19 (5.4) 

42 0.50 (0.9) 0.83 (1.4) 1.84 (3.1) 1.25 (2.1) 

43 3.53 (6.0) 3.96 (6.7) 3.87 (6.6) 3.81 (6.5) 

44 3.45 (5.9) 3.90 (6.6) 3.14 (5.3) 3.41 (5.8) 

45 2.67 (4.5) 2.92 (5.0) 2.86 (4.9) 2.83 (4.8) 

46 2.80 (4.8) 3.13 (5.3) 2.51 (4.3) 2.74 (4.7) 

47 3.39 (5.8) 3.40 (5.8) 3.48 (5.9) 3.44 (5.8) 

48 3.58 (6.1) 3.21 (5.5) 3.36 (5.7) 3.38 (5.7) 

49 3.36 (5.7) 3.30 (5.6) 3.42 (5.8) 3.37 (5.7) 

50 2.76 (4.7) 2.61 (4.4) 2.18 (3.7) 2.43 (4.1) 

51 2.95 (5.0) 2.85 (4.8) 2.34 (4.0) 2.62 (4.5) 

52 2.66 (4.5) 2.31 (3.9) 2.76 (4.7) 2.62 (4.5) 

53 2.93 (5.0) 2.44 (4.2) 2.56 (4.3) 2.62 (4.5) 

54 3.77 (6.4) 3.99 (6.8) 3.53 (6.0) 3.70 (6.3) 

55 3.46 (5.9) 3.65 (6.2) 3.78 (6.4) 3.66 (6.2) 
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Table 4-2: Continued 

Zinc Coating by Weight [oz/ft2 (mil)] 

Coupon 

ID 

Sections Along Coupon Length 
Average 

A B C 

56 2.63 (4.5) 2.59 (4.4) 2.27 (3.9) 2.44 (4.2) 

57 2.60 (4.4) 2.64 (4.5) 2.54 (4.3) 2.58 (4.4) 

58 2.65 (4.5) 2.96 (5.0) 2.86 (4.9) 2.84 (4.8) 

59 3.06 (5.2) 2.69 (4.6) 2.36 (4.0) 2.62 (4.5) 

60 2.49 (4.2) 2.51 (4.3) 2.80 (4.8) 2.65 (4.5) 

61 2.61 (4.4) 2.41 (4.1) 2.48 (4.2) 2.49 (4.2) 

62 3.02 (5.1) 2.68 (4.6) 2.74 (4.7) 2.80 (4.8) 

63 3.30 (5.6) 3.53 (6.0) 2.98 (5.1) 3.20 (5.4) 

64 3.03 (5.2) 2.87 (4.9) 2.90 (4.9) 2.93 (5.0) 

65 2.60 (4.4) 2.54 (4.3) 3.05 (5.2) 2.81 (4.8) 

66 2.56 (4.4) 2.71 (4.6) 2.87 (4.9) 2.75 (4.7) 

67 2.78 (4.7) 2.54 (4.3) 2.40 (4.1) 2.53 (4.3) 

68 2.78 (4.7) 2.76 (4.7) 2.79 (4.7) 2.78 (4.7) 

69 2.84 (4.8) 2.80 (4.8) 2.71 (4.6) 2.76 (4.7) 

70 3.67 (6.2) 4.00 (6.8) 3.54 (6.0) 3.69 (6.3) 

71 3.89 (6.6) 4.05 (6.9) 3.76 (6.4) 3.87 (6.6) 

72 2.44 (4.2) 2.46 (4.2) 2.12 (3.6) 2.29 (3.9) 

73 2.82 (4.8) 2.71 (4.6) 2.50 (4.3) 2.63 (4.5) 

74 2.70 (4.6) 2.57 (4.4) 2.35 (4.0) 2.49 (4.2) 

75 2.93 (5.0) 2.97 (5.1) 2.43 (4.1) 2.69 (4.6) 

76 1.39 (2.4) 1.61 (2.7) 0.89 (1.5) 1.20 (2.0) 

77 0.35 (0.6) 1.16 (2.0) 0.62 (1.1) 0.69 (1.2) 

78 2.92 (5.0) 2.72 (4.6) 2.16 (3.7) 2.49 (4.2) 

79 2.65 (4.5) 2.11 (3.6) 2.22 (3.8) 2.30 (3.9) 

80 2.71 (4.6) 2.67 (4.5) 2.75 (4.7) 2.72 (4.6) 
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Table 4-2: Continued 

Zinc Coating by Weight [oz/ft2 (mil)] 

Coupon 

ID 

Sections Along Coupon Length 
Average 

A B C 

81 2.81 (4.8) 2.79 (4.7) 2.50 (4.3) 2.65 (4.5) 

82 2.69 (4.6) 2.56 (4.4) 2.37 (4.0) 2.50 (4.2) 

83 2.80 (4.8) 2.25 (3.8) 2.21 (3.8) 2.36 (4.0) 

84 3.19 (5.4) 3.50 (5.9) 2.96 (5.0) 3.15 (5.4) 

85 3.02 (5.1) 2.83 (4.8) 2.33 (4.0) 2.63 (4.5) 

Average 2.78 (4.7) 2.77 (4.7) 2.64 (4.5) 2.71 (4.6) 

CV (%) 24.5 24.6 22.9 23.7 

Median 2.78 (4.7) 2.71 (4.6) 2.54 (4.3) 2.64 (4.5) 

 

The average zinc coating determined by the weight method for all samples is 2.71 oz/ft2 

(4.6 mils). A comparison of these samples and calculation of a corrosion rate (or loss of zinc) is 

obtained and discussed in Section 5.3. Segments C are two-feet-long while segments A and B are 

one-foot-long samples; thus, the group C samples are double weighted. 

4.3.2 Diameter Difference and Magnetic Measurement 

The results from both the diameter difference and the magnetic measurement methods are 

shown in Table 4-3 and Figure 4-2. The weight method is shown for comparison purposes. For 

determination of zinc coating thickness using the diameter difference method, equation (4-2) was 

used: 

 
𝐶 = [

𝐷𝑖 − 𝐷𝑓

2
] ∗ 1000 ∗ 𝑋 (4-2) 

where C is the coating thickness in oz/ft2, Di is the initial diameter in inches, Df is the final 

stripped diameter in inches, 1000 is used to convert inches to mils, and X is a conversion factor 

from mils to oz/ft2 equal to 0.588. 
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The results from the magnetic measurement method are obtained in mils from the 

DeFelsko Positector 6000 and converted to oz/ft2 for comparison. 

Figure 4-2 is a visual representation of the thickness measurements using all three 

methods. As mentioned in Section 3.3.2, the diameter difference method has the most variability. 

The coefficients of variation for the zinc coating thicknesses from weight, magnetic, and 

diameter methods are 23.7, 20.6, and 54.1% respectively.  

 

Figure 4-2: Average Zinc Coating Thickness for All Measurement Methods 
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In addition to the potential error that occurs when measuring a rough surface with digital 

calipers, the significant decrease in coating thickness for the diameter method observable for 

samples 62 and higher is likely attributed to different personnel making the measurements. As 

neither the weight nor the magnetic methods use the initial diameter in their calculation of zinc 

coating thicknesses, the variability shown in the diameter method is not observed in the other 

methods. As discussed in Section 3.3, only the weight method is used in the analysis of corrosion 

rates.  This variance in the data does, however, suggest the benefits of having all testing 

performed by the same individual (tester). 

Table 4-3: Zinc Coating All Methods 

Average Coating Thickness Measurements [oz/ft2 (mil)] 

Coupon ID By Weight 
Magnetic 

Measurement 

Diameter 

Difference 

1 2.45 (4.2) 3.45 (5.9) 3.07 (5.2) 

2 2.42 (4.1) 3.28 (5.6) 2.71 (4.6) 

3 2.56 (4.4) 3.68 (6.3) 2.81 (4.8) 

4 2.52 (4.3) 3.31 (5.6) 2.78 (4.7) 

5 2.47 (4.2) 3.08 (5.2) 3.64 (6.2) 

6 3.22 (5.5) 4.42 (7.5) 4.02 (6.8) 

7 3.27 (5.6) 4.22 (7.2) 3.89 (6.6) 

8 3.43 (5.8) 4.72 (8.0) 4.20 (7.1) 

9 2.43 (4.1) 3.36 (5.7) 2.79 (4.7) 

10 2.87 (4.9) 3.88 (6.6) 3.26 (5.5) 

11 3.05 (5.2) 3.87 (6.6) 3.11 (5.3) 

12 3.49 (5.9) 4.83 (8.2) 4.43 (7.5) 

13 2.48 (4.2) 3.75 (6.4) 2.40 (4.1) 

14 2.38 (4.0) 3.27 (5.6) 2.36 (4.0) 

15 2.72 (4.6) 3.47 (5.9) 2.79 (4.7) 
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Table 4-3: Continued 

Average Coating Thickness Measurements [oz/ft2 (mil)] 

Coupon ID By Weight 
Magnetic 

Measurement 

Diameter 

Difference 

16 2.93 (5.0) 3.76 (6.4) 2.96 (5.0) 

17 3.01 (5.1) 3.84 (6.5) 3.03 (5.2) 

18 2.53 (4.3) 3.50 (5.9) 2.04 (3.5) 

19 2.95 (5.0) 3.86 (6.6) 3.76 (6.4) 

20 2.07 (3.5) 2.74 (4.7) 3.02 (5.1) 

21 2.71 (4.6) 3.49 (5.9) 2.83 (4.8) 

22 3.56 (6.0) 4.32 (7.4) 3.98 (6.8) 

23 3.75 (6.4) 5.07 (8.6) 4.84 (8.2) 

24 3.68 (6.3) 4.44 (7.6) 3.55 (6.0) 

25 3.71 (6.3) 5.38 (9.2) 6.12 (10.4) 

26 3.74 (6.4) 4.49 (7.6) 4.89 (8.3) 

27 2.19 (3.7) 3.23 (5.5) 1.85 (3.2) 

28 2.15 (3.6) 3.71 (6.3) 2.60 (4.4) 

29 2.24 (3.8) 3.67 (6.2) 2.43 (4.1) 

30 2.41 (4.1) 3.27 (5.6) 2.41 (4.1) 

31 2.26 (3.8) 3.32 (5.6) 2.43 (4.1) 

32 2.30 (3.9) 3.49 (5.9) 2.42 (4.1) 

33 2.18 (3.7) 4.25 (7.2) 3.65 (6.2) 

34 2.56 (4.4) 3.64 (6.2) 3.02 (5.1) 

35 1.99 (3.4) 2.97 (5.0) 2.29 (3.9) 

36 2.39 (4.1) 3.71 (6.3) 3.22 (5.5) 

37 1.49 (2.5) 2.44 (4.2) 3.06 (5.2) 

38 1.50 (2.5) 2.87 (4.9) 1.81 (3.1) 

39 2.18 (3.7) 3.46 (5.9) 3.19 (5.4) 

40 2.15 (3.7) 3.19 (5.4) 2.69 (4.6) 
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Table 4-3: Continued 

Average Coating Thickness Measurements [oz/ft2 (mil)] 

Coupon ID By Weight 
Magnetic 

Measurement 

Diameter 

Difference 

41 3.19 (5.4) 4.01 (6.8) 3.73 (6.3) 

42 1.25 (2.1) 2.44 (4.1) 2.74 (4.7) 

43 3.81 (6.5) 4.94 (8.4) 4.61 (7.8) 

44 3.41 (5.8) 4.48 (7.6) 3.31 (5.6) 

45 2.83 (4.8) 3.51 (6.0) 3.19 (5.4) 

46 2.74 (4.7) 3.54 (6.0) 3.05 (5.2) 

47 3.44 (5.8) 4.65 (7.9) 3.83 (6.5) 

48 3.38 (5.7) 4.07 (6.9) 3.78 (6.4) 

49 3.37 (5.7) 4.79 (8.1) 5.23 (8.9) 

50 2.43 (4.1) 3.15 (5.4) 3.28 (5.6) 

51 2.62 (4.5) 3.56 (6.1) 3.81 (6.5) 

52 2.62 (4.5) 3.56 (6.1) 3.51 (6.0) 

53 2.62 (4.5) 3.58 (6.1) 3.47 (5.9) 

54 3.70 (6.3) 4.93 (8.4) 5.01 (8.5) 

55 3.66 (6.2) 4.62 (7.8) 5.66 (9.6) 

56 2.44 (4.2) 3.10 (5.3) 3.32 (5.6) 

57 2.58 (4.4) 3.80 (6.5) 3.06 (5.2) 

58 2.84 (4.8) 3.25 (5.5) 3.44 (5.8) 

59 2.62 (4.5) 3.84 (6.5) 3.23 (5.5) 

60 2.65 (4.5) 3.33 (5.7) 2.96 (5.0) 

61 2.49 (4.2) 3.45 (5.9) 3.93 (6.7) 

62 2.80 (4.8) 3.60 (6.1) 0.39 (0.7) 

63 3.20 (5.4) 3.81 (6.5) 1.48 (2.5) 

64 2.93 (5.0) 3.57 (6.1) 1.47 (2.5) 

65 2.81 (4.8) 3.63 (6.2) 1.46 (2.5) 
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Table 4-3: Continued 

Average Coating Thickness Measurements [oz/ft2 (mil)] 

Coupon ID By Weight 
Magnetic 

Measurement 

Diameter 

Difference 

66 2.75 (4.7) 4.01 (6.8) 1.29 (2.2) 

67 2.53 (4.3) 3.69 (6.3) 0.89 (1.5) 

68 2.78 (4.7) 3.85 (6.5) 1.38 (2.3) 

69 2.76 (4.7) 4.1 (7.0) 1.35 (2.3) 

70 3.69 (6.3) 4.75 (8.1) 2.22 (3.8) 

71 3.87 (6.6) 4.83 (8.2) 2.19 (3.7) 

72 2.29 (3.9) 3.12 (5.3) 0.87 (1.5) 

73 2.63 (4.5) 3.32 (5.7) 1.52 (2.6) 

74 2.49 (4.2) 3.60 (6.1) 1.63 (2.8) 

75 2.69 (4.6) 3.82 (6.5) 1.48 (2.5) 

76 1.20 (2.0) 2.20 (3.7) 3.26 (5.5) 

77 0.69 (1.2) 1.54 (2.6) 0.00 (0.0)* 

78 2.49 (4.2) 4.64 (7.9) 2.64 (4.5) 

79 2.30 (3.9) 4.34 (7.4) 2.02 (3.4) 

80 2.72 (4.6) 3.90 (6.6) 1.99 (3.4) 

81 2.65 (4.5) 4.85 (8.2) 1.72 (2.9) 

82 2.50 (4.2) 3.99 (6.8) 1.53 (2.6) 

83 2.36 (4.0) 3.24 (5.5) 2.39 (4.1) 

84 3.15 (5.4) 4.05 (6.9) 1.46 (2.5) 

85 2.63 (4.5) 3.33 (5.7) 1.26 (2.1) 

Average 2.71 (4.6) 3.75 (6.4) 2.85 (4.8) 

CV (%) 23.7 20.6 54.1 

Median 2.64 (4.5) 3.68 (6.3) 2.88 (4.9) 

*
This coupon experienced significant corrosion, so there was not much zinc present on the coupon when extracted. The coupon surface had large 

variations in roughness, peaks, and crests. For all 3 sections of the sample (Group A, B, and C) the diameter measured by the calipers was either 

negative (not actually possible) or zero. This is due to the fact that there was so much variation in the surface thickness along the length of the 

sample, and the average before and after stripping the zinc could not be taken at the exact same location along the length of the sample by the 

calipers, the value was taken as zero rather than a negative number. 
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4.4  Tension Testing 

Samples were tested from both the Phase I extraction and Phase II extraction. 

4.4.1  Tension Results from Phase I Samples 

The results for Group X of the Phase I samples are shown in Figure 4-3 and summarized 

in Table 4-4. The results for Group Y of the Phase I samples are shown in Figure 4-4 and 

summarized in Table 4-5. The results from Group X and Group Y of the Phase I samples are 

used as a baseline comparison for the tension results of the Phase II samples. 

 

Figure 4-3: Stress-Strain Curve for Phase I Samples Group X 
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Table 4-4: Yield Stress and Ultimate Stress for Phase I Samples Group X 

Specimen ID 
Fy Fu Original 

Galvanization 

Present 

Galvanized 

Gage 

Length ksi MPa ksi MPa 

A2 93.4 644.0 106.2 732.1 

No No 

A4 87.0 599.8 101.8 702.2 

A15 87.4 602.4 100.7 694.4 

A20 87.6 603.8 101.6 700.8 

Average 88.8 612.5 102.6 707.4 

A9 84.3 581.3 98.6 680.1 

Yes No 

A11 88.4 609.4 101.4 699.4 

A21 90.7 625.5 102.0 703.5 

A22 93.6 645.7 107.4 740.3 

Average 89.3 615.5 102.4 705.8 

Overall Average 89.1 614.0 102.5 706.6   

 

 

 

Figure 4-4: Stress-Strain Curve for Phase I Samples Group Y 
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Table 4-5: Yield Stress and Ultimate Stress for Phase I Samples Group Y 

Specimen ID 

Fy Fu Original 

Galvanization 

Present 

Galvanized 

Gage 

Length 
ksi MPa ksi MPa 

5C 87.9 606.1 97.6 672.7 

No No 

3C 95.2 656.6 108.7 749.2 

14C 101.7 701.4 115.5 796.2 

1AC 90.9 626.6 101.7 701.1 

Average 93.9 647.7 105.8 729.8 

3U 90.2 621.6 101.9 702.9 

Yes Yes 

15U 89.5 616.8 102.0 703.0 

14U 94.0 648.4 106.8 736.1 

17U 88.9 613.0 100.1 690.0 

Average 90.6 625.0 102.7 708.0 

Overall Average 92.3 636.3 104.3 718.9     

 

4.4.2  Tension Results from Phase II Samples 

The results of tensile stress from the Phase II samples are shown in Table 4-6. 

Table 4-6: Yield and Ultimate Stress of Tension Tests Groups A and B 

Coupon 

ID 

Group A Group B 

Yield 

(ksi) 

Ultimate 

(ksi) 

Yield 

(ksi) 

Ultimate 

(ksi) 

1 69.84 95.34 85.58 95.49 

2 85.00 96.11 85.45 95.60 

3 83.56 94.21 84.22 94.82 

4 93.95 105.41 92.90 105.87 

5 90.17 101.29 89.85 101.16 
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Table 4-6: Continued 

Coupon 

ID 

Group A Group B 

Yield 

(ksi) 

Ultimate 

(ksi) 

Yield 

(ksi) 

Ultimate 

(ksi) 

6 90.71 102.49 89.74 101.73 

7 90.02 102.05 89.97 102.01 

8 91.24 103.11 89.46 101.07 

9 85.67 95.84 84.61 94.69 

10 86.02 96.63 85.00 95.53 

11 85.27 95.65 85.35 94.98 

12 89.67 102.02 90.20 102.53 

13 94.33 106.46 92.66 105.46 

14 88.65 100.45 88.27 100.14 

15 89.02 100.86 89.83 101.32 

16 97.30 109.28 97.05 109.45 

17 72.09 96.75 85.93 95.61 

18 86.50 96.59 84.90 95.07 

19 85.01 95.16 85.49 95.91 

20 92.59 106.78 93.76 106.31 

21 89.39 101.18 89.64 101.48 

22 90.01 102.03 89.23 101.58 

23 89.45 101.71 90.11 102.12 

24 89.54 101.56 89.64 101.96 

25 90.27 102.00 90.14 101.86 

26 90.13 102.09 89.10 101.08 

27 85.20 95.40 85.73 95.54 

28 84.12 94.26 84.85 95.12 

29 85.26 95.70 85.25 95.66 

30 85.33 95.81 84.44 95.13 

31 85.19 95.63 84.83 94.55 

32 85.71 95.84 84.84 94.60 
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Table 4-6: Continued 

Coupon 

ID 

Group A Group B 

Yield 

(ksi) 

Ultimate 

(ksi) 

Yield 

(ksi) 

Ultimate 

(ksi) 

33 83.90 93.86 84.26 94.25 

34 86.54 97.05 85.65 95.46 

35 84.36 94.15 84.40 95.14 

36 86.39 96.41 85.54 95.91 

37 84.82 92.78 81.75 88.22 

38 86.37 96.00 81.11 91.86 

39 84.78 94.57 84.46 94.68 

40 84.91 95.16 84.68 94.85 

41 89.45 102.44 90.40 102.59 

42 84.11 99.71 89.93 100.67 

43 91.64 103.64 90.04 102.06 

44 90.65 102.62 90.89 102.75 

45 86.41 96.93 86.42 96.52 

46 95.07 107.63 93.80 106.34 

47 90.45 102.51 90.31 102.45 

48 90.70 102.46 90.60 102.94 

49 90.13 101.93 90.09 102.03 

50 95.41 108.13 95.70 108.32 

51 95.52 107.81 95.37 107.70 

52 85.30 95.65 85.20 95.61 

53 83.05 94.90 84.96 95.63 

54 90.34 102.58 89.83 101.90 

55 90.39 102.23 90.62 102.57 

56 94.60 107.95 95.82 108.03 

57 89.34 101.69 88.51 100.50 

58 86.78 100.57 89.16 101.10 

59 85.53 95.93 84.12 95.58 
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Table 4-6: Continued 

Coupon 

ID 

Group A Group B 

Yield 

(ksi) 

Ultimate 

(ksi) 

Yield 

(ksi) 

Ultimate 

(ksi) 

60 85.48 96.17 84.69 94.53 

61 96.13 108.71 95.16 107.25 

62 79.82 89.51 80.58 90.67 

63 81.77 91.42 80.81 90.85 

64 80.84 91.07 80.90 91.36 

65 81.72 91.86 82.09 92.08 

66 82.14 92.11 80.98 90.75 

67 82.50 92.51 82.09 91.88 

68 81.03 92.15 75.00 92.39 

69 81.73 92.31 81.93 92.15 

70 86.33 97.71 86.65 98.00 

71 86.48 97.85 86.98 98.22 

72 91.04 102.88 90.92 103.14 

73 90.06 102.17 90.53 102.52 

74 85.50 97.06 82.73 97.64 

75 86.52 97.75 86.31 97.14 

76 81.47 92.55 67.09 74.37 

77 77.48 84.24 68.58 75.06 

78 82.23 92.04 82.11 92.26 

79 82.40 92.91 82.21 91.79 

80 85.42 97.18 86.34 97.96 

81 89.79 102.04 90.46 102.77 
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Table 4-6: Continued 

Coupon 

ID 

Group A Group B 

Yield 

(ksi) 

Ultimate 

(ksi) 

Yield 

(ksi) 

Ultimate 

(ksi) 

82 86.81 98.00 87.01 97.73 

83 90.83 102.71 91.26 103.07 

84 89.97 102.60 90.67 102.94 

85 86.69 97.90 86.89 97.94 

Average 87.00 98.57 86.85 97.97 

CV (%) 5.5 5.1 5.8 6.1 

Median 86.48 97.71 86.42 97.73 

 

4.5  Moisture Content 

The results of the laboratory determination of moisture content are shown in Table 4-7. 

Researchers were not able to obtain soil samples from two-stage walls; therefore, no value for 

moisture content is shown for coupon ID’s related to two-stage walls. The average, maximum, 

minimum, and coefficient of variation for the moisture content results are shown in Table 4-8. 

Table 4-7: Moisture Content Results 

Coupon ID # 
Moisture 

Content (%) 

1 4.7 

2 4.1 

3 4.5 

4 3.8 

5 4.8 

6 5.4 
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Table 4-7: Continued 

Coupon ID # 
Moisture 

Content (%) 

7 3.8 

8 4.2 

9 5.5 

10 4.5 

11 5.0 

12 6.9 

13 5.0 

14 5.5 

15 5.0 

16 5.4 

17 5.9 

18 5.4 

19 4.6 

20 4.8 

21 4.3 

27 3.8 

28 3.6 

29 4.0 

30 3.9 

31 4.4 

32 3.4 

33 4.0 

34 4.3 

35 3.1 

36 3.3 
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Table 4-7: Continued 

Coupon ID # 
Moisture 

Content (%) 

37 5.6 

38 5.1 

39 5.6 

40 5.8 

41 4.2 

42 5.5 

43 3.5 

44 5.6 

45 6.2 

46 4.4 

47 3.6 

48 3.4 

49 3.9 

50 3.0 

51 3.6 

52 3.7 

53 3.9 

59 2.3 

60 2.1 

62 4.1 

63 5.1 

64 3.8 

65 5.4 

66 5.8 

67 5.1 
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Table 4-7: Continued 

Coupon ID # 
Moisture 

Content (%) 

68 4.9 

69 4.9 

70 1.3 

71 1.4 

73 1.7 

74 4.9 

75 5.6 

76 5.5 

77 5.6 

78 2.9 

79 4.9 

 

Table 4-8: Summary of Moisture Content Results 

Moisture Content Summary (%) 

Average Minimum Maximum CV (%) 

4.4 1.3 6.9 25.8 
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5.0  ANALYSIS 

5.1  Overview 

The zinc coating thicknesses measured as part of this study were compared to the results 

obtained by Gerber and Billings (2010) in the Phase I study of these same MSE walls. By 

comparing the zinc coating thickness results determined in Phase I to Phase II, a total zinc loss 

over a nominal eight-year period can be determined. The previously presented results regarding 

pullout resistance, tensile strength, and moisture content are also assessed in the chapter and 

compared to the remaining zinc coating thickness to determine if there are any correlations 

between the parameters measured during testing and the susceptibility the coupons have to 

corrosion. It should be noted that the coefficients of correlation (R2 values) displayed on charts in 

this chapter are for the one-stage MSE walls’ data points only. 

Information is not available which indicates the initial galvanization thickness at time of 

installation of the coupons. Only a minimum of 2.0 oz/ft2 was specified as part of the project 

requirements (shown in Appendix B); however, measurements show that the present average 

galvanization thickness even after 20 years still exceeds the initial minimum coating thickness 

requirement. Since there is not information regarding the initial coating that was applied to the 

specimens before installation in 1998 and 1999, the results of coating thickness from the Phase I 

and Phase II studies will be compared to evaluate a rate of corrosion. 

5.2 Pullout Force Analysis 

The first evaluation made as part of this research effort is the relationship between the 

peak pullout force and the embedded length of the coupon (i.e., portion of the coupon that was in 

contact with soil). Figure 5-1 shows that there is a very slightly positive relationship between the 

embedded length and the force required to extract the coupon.  

In order to normalize the pullout force required for each extraction, the pullout force was 

divided by the embedded length. This gives a value of kip/ft that can be compared to the amount 

of overburden soil on the coupon. The wall height above the coupon was measured and is 
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assumed to be equal to the height of soil that is applying overburden pressure on the steel 

coupon. It was initially assumed that the weight of the soil bearing on the embedded coupons 

would generate a greater frictional resistance, thus increasing the required pullout force for 

extraction. Figure 5-2 shows the pullout force per length of embedded coupon vs. the overburden 

soil height. Force per embedment length does not have a strong correlation to the height of 

overburden soil above the coupon.  One potential explanation for this is the effect of arching of 

backfill above the single element of wire reinforcement together with the absence of any 

orthogonally welded wires. What can more readily be determined from the comparison in Figure 

5-1 and Figure 5-2 is that two-stage wall coupons typically require less pullout force than 

coupons from one-stage walls.  We suspect this is likely due to a lower relative soil density and 

less effective compaction effort as a result of the flexible facing behind the wall facing panel.  

 

Figure 5-1: Peak Pullout Force vs. Embedded Length 



70 

 

Figure 5-2: Pullout Force / Embedded Length vs. Overburden Soil Height  

5.3  Zinc Loss Over 8 Years 

Table 5-1 shows the correlation between coupon ID numbers from this study and the 

earlier study conducted by Gerber and Billings (2010), as well as the walls from where they were 

extracted. In some cases, multiple coupons were extracted from the same wall during Phase II, 

but are compared to just a single coupon extracted from that wall during Phase I. In this case, the 

zinc coating thickness values for all coupons extracted from the same wall are averaged and 

compared to the single value determined in Phase I. 

Table 5-1: UDOT Wall Number and Corresponding Coupons 

UDOT Wall # 
Gerber & Billings 

(Phase I) Coupon ID 

Fonseca, Thompson, & 

Gerber (Phase II) 

Coupon ID 

R-343-7-A 6 15, 16, 17, 18, 19, 20, 21 

R-343-13-A 8 27, 28, 29, 30, 31, 32, 33 

R-343-37-A 7 34, 35, 36 

R-343-42-A 22 14 

R-344-1-A 3 4 

R-344-1-B 4 5 
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R-344-2-A 1 45 

R-344-2-B 2 46 

R-344-4-A 5 1, 2, 3 

R-344-7-A 15 13 

R-344-11-A 14 50, 51 

R-345-3-A 16 12 

R-345-4-A 17 9, 10, 11 

R-345-10-A 18 47, 48, 49 

R-346-8-A 19 6, 7, 8 

R-346-1C-A 20 22, 23, 24, 25, 26 

R-351-9-A 9 54 

R-351-9-B 10 55 

R-351-26-A 13 58 

R-351-30-A 12 61 

R-351-34-A 11 56 

R-351-5-A 21 57 

 

The amount of zinc coating by weight for both Phase I and Phase II are compared in 

Table 5-2. In some cases, the zinc coating thickness measured in Phase II was greater than those 

determined in Phase I. This could be attributed to the fact that even coupons installed in the same 

wall may have initially had such varying zinc coating thicknesses. Even though the coupons 

adhere to the minimum thickness of zinc coating requirements, they likely were over-coated, 

leading to slight variation in comparisons even in coupons installed in the same wall.  This 

matter becomes more conspicuous in the data as loss rates appear to be quite low. 

When calculating the difference between the zinc coating thickness values determined in 

Phase I and Phase II, it is more conservative to take any negative difference as a value of zero. 

This yields a higher value for the calculated rate of zinc loss. In Table 5-2 the “Practical 

Difference” column values were calculated by setting any negative difference equal to zero. The 

“Mathematical Difference” column shows the calculated difference without setting negative 

values equal to zero. The conservative, non-negative values are used to develop a corrosion rate. 

By setting negative coating differences equal to zero, it is equivalent to state that there was 

neither gain nor loss in zinc coating at that location. 
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The average zinc loss using only the common walls of Phase I and Phase II over the 

eight-year period was 0.191 oz/ft2 (0.325 mils). This gives a rate of 0.024 oz/ft2/year (0.041 

mils/year) of zinc loss. If the average zinc coating thickness is calculated using all 85 coupons 

from this study and compared to the zinc coating thickness determined in Phase I, a total zinc 

loss of 0.255 oz/ft2 (0.434 mils) and a corrosion rate of 0.032 oz/ft2/year (0.054 mils/year) are 

calculated. The largest apparent loss of zinc coating occurred at wall R-345-4-A, with a loss of 

0.586 oz/ft2 (0.996 mils).  Using this value to develop a conservative “worst-case” corrosion rate 

gives 0.073 oz/ft2/year (0.125 mils/year). 
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Table 5-2: Zinc Coating Thickness Difference from Phase I to Phase II 

Zinc Coating by Weight (oz/ft2) 

UDOT 

Wall # 

Gerber & Billings 

(Phase I) 

Fonseca, Thompson & 

Gerber (Phase II) 
Practical 

Difference 

Math 

Difference 
A B C Avg A B C Avg 

R-343-7-A 2.57 2.67 3.13 2.87 2.75 2.82 2.62 2.70 0.17 0.17 

R-343-13-A 2.82 2.22 2.66 2.59 2.31 2.16 2.26 2.25 0.34 0.34 

R-343-37-A 2.68 2.41 2.64 2.59 2.49 2.18 2.29 2.31 0.28 0.28 

R-343-42-A 2.88 3.13 2.66 2.83 2.59 2.44 2.24 2.38 0.45 0.45 

R-344-1-A 2.76 2.77 2.07 2.42 2.73 2.95 2.20 2.52 0.00 -0.10 

R-344-1-B 2.83 2.76 2.44 2.62 2.59 2.78 2.25 2.47 0.15 0.15 

R-344-2-A 3.01 3.02 3.20 3.11 2.67 2.92 2.86 2.83 0.28 0.28 

R-344-2-B 2.93 2.93 2.36 2.64 2.80 3.13 2.51 2.74 0.00 -0.10 

R-344-4-A 2.33 2.40 2.49 2.43 2.85 2.83 2.11 2.48 0.00 -0.05 

R-344-7-A 2.53 2.55 2.37 2.46 2.50 2.50 2.46 2.48 0.00 -0.02 

R-344-11-A 2.81 2.69 2.40 2.57 2.86 2.73 2.26 2.53 0.04 0.04 

R-345-3-A 2.72 2.83 2.88 2.83 3.86 3.62 3.24 3.49 0.00 -0.66 

R-345-4-A 3.11 3.42 3.49 3.37 2.68 2.52 2.96 2.78 0.59 0.59 

R-345-10-A 3.00 3.17 3.40 3.24 3.44 3.30 3.42 3.40 0.00 -0.16 

R-346-8-A 3.61 3.65 3.70 3.67 3.43 3.39 3.20 3.31 0.36 0.36 

R-346-1C-A 4.00 4.20 3.56 3.83 3.77 3.83 3.58 3.69 0.14 0.14 

R-351-9-A 4.06 4.01 3.53 3.78 3.77 3.99 3.53 3.70 0.08 0.08 

R-351-9-B 3.91 3.72 3.42 3.62 3.46 3.65 3.78 3.66 0.00 -0.04 

R-351-26-A 3.35 3.18 3.49 3.38 2.65 2.96 2.86 2.84 0.54 0.54 

R-351-30-A 2.63 2.34 2.84 2.66 2.61 2.41 2.48 2.49 0.17 0.17 

R-351-34-A 2.75 2.61 2.43 2.55 2.63 2.59 2.27 2.44 0.11 0.11 

R-351-5-A 3.06 3.05 3.12 3.08 2.60 2.64 2.54 2.58 0.50 0.50 

Average       2.96       2.82 0.19 0.14 

CV (%)       15.4       16.7   

Median    2.83    2.64   
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Comparing the conservative worst case corrosion rate and the average corrosion rate from 

all samples to the AASHTO design rate (AASHTO 2017), the reinforcement in the MSE walls in 

this study are corroding at a slower rate than the AASHTO design rate.  It is likely that the 

AASHTO design rate is conservatively established; hence, actual corrosion rates would typically 

appear to be slower than the design rate.  The difference in the projected corrosion rates and the 

AASHTO design rate could also be attributed to more favorable soil conditions and soil 

properties that are present in these MSE walls.  A summary of the comparisons is presented in 

Table 5-3. 

Table 5-3: AASHTO Design Loss Rate and Projected Loss Rate 

Component Type 

(age) 

Loss (oz/ft2/year) 

AASHTO 

Projected 

Worst 

Case 

Projected 

Average 

Zinc (<2 years) 0.35 - - 

Zinc (2-12 years) 0.09 - - 

Zinc (>12 years) 0.09 0.073 0.032 

Steel (after zinc) 0.31 - - 

 

Figure 5-3 represents the material loss that would occur in MSE wall reinforcement by 

following the loss from the AASHTO design rate and the projected corrosion rate developed in 

this study over the course of a 75-year design life. The AASHTO design zinc coating thickness is 

2.0 oz/ft2.  If the design coating thickness was applied, and the wall reinforcement corroded at 

the AAHSTO design rate, the zinc would be completely depleted after 16 years in service and 

then the steel would continue to deplete until the end of the design life (and beyond that point, 

ultimately to failure). The corrosion rate developed from the data in this study assumes that there 

is a zinc coating thickness of 2.71 oz/ft2 remaining in 2018. By assuming that the wall 

reinforcement initially corrodes at the AASHTO design rate until the time of Phase I of this 

study (12 years), the amount of metal loss would follow the line of “projected” metal loss shown 

in Figure 5-3. This projected metal loss was developed assuming that the worst-case corrosion 
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rate of 0.073 oz/ft2/year developed in this study would be constant from 12 years until the 

depletion of the existing 2.71 oz/ft2 of zinc coating. Applying this projected corrosion rate to the 

MSE walls in this study, the zinc coating is expected to be completely depleted by 2055, after 57 

years in service, after which point corrosion of the steel would commence. 

Although it is unknown exactly what the initial coating thickness was, the corrosion rate 

of 0.073 oz/ft2/year was used to back-calculate a theoretical initial coating thickness of 4.89 

oz/ft2. Figure 5-3 shows the AASHTO design corrosion rate applied to this estimated initial 

coating thickness of 4.89 oz/ft2, which would result in depletion of the zinc coating after 49 years 

in service. 

 

Figure 5-3: AASHTO Design Loss Rate and Projected Loss Rate 

Figure 5-3 is shown to provide a comparison and a potential projection of metal loss. This 

corrosion rate and projected loss could be used to determine when maintenance or rehabilitation 

of the MSE walls in this study may be required. The portion of the graph corresponding to rate of 
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the zinc in these walls indicates that the soil environment is favorable and may lead to a 

decreased corrosion rate for steel as well. 

5.4  Corrosion Correlations 

The following comparisons are to determine if any conclusions can be drawn about the 

effect that moisture content and overburden soil height have on the zinc coating thickness; as 

well as the effect that the remaining zinc coating thickness may have on the required pullout 

strength. 

5.4.1  Corrosion and Moisture Content 

As discussed in Section 2.2.6, corrosion increases in soils with a moisture content above 

25 to 40 percent. The maximum moisture content calculated for the backfill sampled in this study 

was 6.9%. The maximum moisture content determined herein is well below the range for a 

corrosive environment. The moisture contents encountered in this study are compared to the 

thickness of zinc coating determined at the same locations. Figure 5-4 shows the correlation of 

moisture content to zinc coating thickness. 

 

Figure 5-4: Zinc Coating Thickness vs. Moisture Content  
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The trend line on Figure 5-4 shows a slightly negative correlation between the moisture 

content of the backfill and the zinc coating thickness present on the steel coupon. This 

correlation indicates there is not a significant relationship between moisture content (within the 

low range of moisture content present) and corrosion of the zinc coating. The soils in this study 

appear to present good drainage and low moisture contents. Variations of moisture conditions 

within the MSE walls over time are unknown. Utah, however, presents a relatively arid climate 

and all coupons were sampled during the summer months and from locations at least several feet 

above the ground. If the soil backfill continues to effectively drain runoff water, the effect of 

moisture content of the backfills in this study are likely not a concern for causing corrosion in the 

future. 

5.4.2  Corrosion and Height of Overburden Soil 

Figure 5-5 shows the zinc coating as a function of the overburden soil height for one-

stage and two-stage walls. There is not a strong correlation between overburden height and the 

amount of zinc coating remaining on the steel coupons. From the data gathered in this study, 

there is not a significant effect that overburden height has on the zinc coating thickness. 

 

Figure 5-5: Zinc Coating Thickness vs. Overburden Soil Height 
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5.4.3 Corrosion and Pullout Force 

Figure 5-6 compares the pullout force / embedment length to the zinc coating thickness 

for both one-stage and two-stage walls. In this comparison, the pullout force / embedment length 

is taken as the dependent variable to determine if zinc coating thickness increases or decreases 

required force per length. For one-stage walls, there is a slightly negative correlation, but not 

strong enough to determine if the extent to which the zinc has corroded has an effect on the 

required pullout force. Similar results were determined by Gerber and Billings in Phase I (2010). 

If the zinc does not corrode uniformly, this non-uniform surface on the reinforcement might 

theoretically increase frictional resistance to pullout, but only if the backfill were to also deform 

as to be compliant with the interface surface. 

 

Figure 5-6: Pullout Force / Embedment Length vs. Zinc Coating Thickness 

5.5 Tensile Strength 

The results of the two groups of samples from the Phase I extraction differ by an average 

of 3.2 ksi. This difference is larger than anticipated. In Phase I Group Y, samples 3C, 14C, and 

14U have significantly higher stresses than others in Group Y. These samples could be 

anomalies, or errors in the calculation of the samples’ areas could have caused higher values. If 
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these outliers were removed, the average yield stress from group Y would be 89.5 ksi. This 

would be a difference of only 0.4 ksi between Groups X and Y of Phase I. 

Another factor that may have contributed to the difference of measured tensile stresses is 

the preparation of the Group X samples. The Group X samples were ground down along a two-

inch gauge length in order to control the failure location. Because the reduced section was 

achieved using a grinding belt, the surface was not as smooth as the original welded wire surface. 

This non-cylindrical gauge length could have led to error in determination of the diameter of the 

reduced section. The measured diameter of the group X samples may have been slightly larger 

than the actual diameter, leading to a smaller measured tensile stress of the Group X samples. 

In order to validate the accuracy of the tensile testing results, the Instron machine was 

calibrated before the testing of the Phase II tension samples. This calibration verified that the 

data output from the Instron machine was accurate; but the difference in stresses could still be 

linked to the potential errors discussed above. 

The average yield stress of the Phase II samples for Groups A and B are 87.0 ksi and 86.9 

ksi, respectively. As noted in the VSL Corporation drawings shown in Appendix B, W11 steel 

wire material shall conform to ASTM A82 (ASTM 2007a) and ASTM A185 (ASTM 2007b), 

where Fy = 448 MPa (65 ksi). Both ASTM A82 and ASTM A185 have since been replaced by 

ASTM A1064 (ASTM 2018b). The yield stress calculated herein is significantly larger than the 

specification. This is a minimum specification, however, and it is probable that the steel provided 

was a higher-grade material than the minimum specified. As specified in ASTM A1064 (ASTM 

2018b), Grade 80 steel may be used for wire with sizes larger than W1.2. Grade 80 steel has a 

minimum yield strength of 80 ksi. The results indicate that Grade 80 steel meeting the minimum 

yield strength was likely provided for the coupons tested in this study. 

The difference in average yield stresses from Phase I to Phase II is a reduction from 90.7 

ksi to 86.7 ksi, respectively. This reduction in yield strength could be attributable to the 

variability in diameter measurement from digital calipers. Although a reduction in strength could 

also indicate pitting corrosion, the difference between strengths is not significant. The difference 

can likely be attributed to error. Error in diameter measurements could lead to a reduced cross-

sectional area which would cause calculation of a smaller value for yield strength.  We are of the 
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opinion that based on the remaining amount of zinc, observable conditions of the corrosion, and 

the results of the tensile testing, pitting corrosion of the MSE wall reinforcement is negligible. 
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6.0  CONCLUSIONS 

6.1  Findings 

The purpose of this study was to determine the rate at which MSE wall reinforcement is 

corroding by observing conditions on the embedded, galvanized steel coupons. This task was 

accomplished, and the implications are summarized below. 

6.1.1  Rate of Corrosion 

The average rate of corrosion for coupons extracted from walls common to both Phase I 

and Phase II over a nominal eight-year period was determined to be approximately 0.024 

oz/ft2/year (0.041 mils/year).  Using an average value from all Phase II coupons rather than just 

those from walls common to both studies, the average rate of corrosion was determined to be 

0.032 oz/ft2/year (0.054 mils/year). The worst-case corrosion rate for a single wall was 0.073 

oz/ft2/year (0.125 mils/year). These rates of corrosion are far below the AASHTO design rate. 

The MSE wall reinforcement, which the coupons tested represent, have sufficient zinc 

galvanization remaining and total steel remaining to function as designed for the entirety of the 

design life and beyond.  

The AASHTO design rate for depletion of zinc coating and subsequent corrosion of the 

steel reinforcement appears to be conservative for the corrosion conditions present for the MSE 

wall reinforcement coupons tested. The thickness of the zinc coating initially present on the 

reinforcement coupons at the time of installation may have been well over the specified design 

thickness. This would also contribute to a longer service life. 

Some of the MSE walls in this study have been expanded due to the addition of a new 

lane on I-15. Some of the reinforcement analyzed herein represents reinforcement that has been 

covered (buried) and hence become inaccessible. 
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6.1.2  Tensile Capacity 

The average yield stress of the samples tested meet or exceeded expected values.  The 

average yield stress of the samples tested decreased from Phase I samples to Phase II samples by 

a value of 4.0 ksi, which could be due to variability in diameter measurements from the zinc 

bulking effect. Due to the initial over coating and remaining zinc coating, and the absence of any 

apparent loss of tensile strength, pitting corrosion has likely not occurred over the course of the 

eight years between Phase I and Phase II. 

6.1.3  Moisture Content 

The in-situ moisture contents for the MSE walls studied have an average moisture 

content of 4.4%. This is well below the moisture content which the soil is often assumed to 

enhance corrosivity, being on the order of at least 25%. The low moisture content of the soil 

indicates that proper drainage is likely present. Variations in moisture conditions over time, 

however, are unknown. All coupons were extracted during the summer months and from 

locations at least several feet above the ground, so in-situ moisture contents may be slightly 

higher than those observed in laboratory analysis. 

6.2  Limitations and Challenges 

A few limitations were encountered during this study that led to less data being gathered 

and analyzed than initially intended. One of the limitations encountered was the inability to 

obtain soil samples from the two-stage walls. This led to fewer moisture content assessments and 

data being limited to only one-stage MSE walls. Another limitation was the difficulty of 

obtaining a large soil sample from the one-stage walls. Because of the volume limitation of the 

soil samples, limited soil property tests were able to be conducted. 
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7.0  RECOMMENDATIONS AND IMPLEMENTATION 

7.1  Recommendations 

According to the analysis of the results herein, no additional action on behalf of UDOT 

besides proper maintaining of the existing MSE walls is recommended.  However, UDOT may 

wish to consider reducing thickness requirements for galvanization or sacrificial steel for MSE 

wall reinforcement. 

With respect to future research, recommendations regarding the extracting and testing of 

samples at the next phase of work are provided: 

1. All testing done herein should be repeated on new samples at the next phase of the 

project to compare results and verify analysis and conclusions. 

2. If possible, larger soil samples should be obtained in order to run more analysis on the 

properties of the soil that may contribute to corrosion including: gradation, resistivity, 

pH, and salt content. 

3. When measuring pullout resistance of the coupons, measure the displacement in order to 

develop a pullout vs. displacement curve. 

4. Due to the favorable conditions of the coupons tested. It may be beneficial to wait more 

than 10 years to do the next phase of this study. Doing this would allow more coupons to 

be tested in the latter half of the design life where corrosion would be more prevalent, 

and knowledge of potential reduction in capacity of the steel reinforcement would be 

more critical near the end of the design life. 
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APPENDIX A:  COUPON LOCATION MAPS 

 

Figure A-1: 300 N Argyle Ct, Coupon – 61 
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Figure A-2: N Temple, Coupon – 58 
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Figure A-3: 400 S, Coupons – 54-57 
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Figure A-4: 800 S, Coupons – 84-85 
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Figure A-5: 1700 S, Coupons – 80-83 
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Figure A-6: 3300 S & 3650 S, Coupons – 6-8, 22-26, 59-60 
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Figure A-7: 4500 S, Coupons – 9-11, 12, 41-44, 47-49 
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Figure A-8: 4800 S, Coupons – 62-73, 76-79 
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Figure A-9: 5300 S, Coupons – 13, 50-53 
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Figure A-10: 5900 S, Coupons – 1-5, 45-46 
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Figure A-11: I-15 & I-215, Coupon – 14 
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Figure A-12: 7200 S, Coupons – 15-21, 27-40, 74-75 
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APPENDIX B:  MANUFACTURER SPECIFICATIONS 

This appendix contains project specifications and the construction drawings for the MSE 

walls associated with this study. 
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APPENDIX C:  PICTURES AND RAW DATA 

Pictures of coupons, extraction procedures, and lab testing were given to UDOT on a 

flash drive along with raw data used to create the figures and tables used herein. These items are 

available by contacting the UDOT Research and Innovation Division or by going online to the 

following Google Drive folder link managed by this division (as of the time of report 

publishing): 

https://drive.google.com/drive/folders/1bLeX1PTPdL4R_oIxMLrHQPj9_ADxzHjg 

 

https://drive.google.com/drive/folders/1bLeX1PTPdL4R_oIxMLrHQPj9_ADxzHjg
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