
1. INTRODICTION

Korea has been often called “a country of stone pagodas” 
because there are many stone pagodas compared with neigh-
boring China and Japan. The reason for the construction of 
so many pagodas in Korea was the abundance of high quality 
stones and stone is much more resistant to fire and corrosion 
than wood. The stone pagoda at the Mireuksa Temple Site in 
Iksan (designated as National Treasure 11) is a Baekje pagoda 

built in the early 7th century and is known to be the oldest and 
largest among the many stone pagodas that remain in Korea. It 
also reflects the techniques of wooden architecture. The stone 
pagoda in front of west Geumdang (main hall) is the only stone 
structure of Mireuksa Temple1, which was the largest Buddhist 
temple in Baekje, that has survived the past 1,400 years. In the 
Joseon Gojeokdobo2, which was published during the Japanese 
occupation of Korea, there is a picture of the Stone Pagoda taken 
around 1910(see Figure 1), which shows that only part of the 6th 
floor remained and the entire west side of the pagoda had col-
lapsed.

1  As a result of an excavation survey that lasted for 17 years starting 
with the investigation of the east pagoda site in 1974, the Mireuksa Tem-
ple was revealed to be the largest temple in Baekje with three pagodas 
and three main buildings on a site about 260 m east-west and about 640 
m north-south. The Mireuksa Temple was inscribed as a Baekje Historic 
Areas on the UNESCO World Heritage Site at the 39th session of the 
committee (2015).
2  This is a series of 15 books containing pictures and drawings pub-
lished after a Korean historical remains survey conducted by the Japa-
nese Government General of Korea during the Japanese occupation of 
Korea. Japanese scholars including Sekino Tadashi, Danii Saiich, and 
Kuriama Shunich participated in this survey. These are critical materials 
that show the historical remains and relics of the time. 
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Figure 1. Views of Stone Pagoda at Mireuksa Temple Site
(Left: East side taken around 1910, Middle: West side taken 

around 1910, Right: East side taken after 1915) 
(Source: Kim et al. 2004)

The stone pagoda was reinforced in 1915 with concrete 
by Japanese architectural historians, including Fujishima 
Kaijiro, and it has remained in that state until the dismantling 
investigation that began in 2001. In 1998, a structural safety 
diagnosis was performed and the results revealed aging and 
structural instability of the concrete; therefore, the National 
Research Institute of Cultural Heritage (NRICH) began 
conducting a restoration of the stone pagoda in 2001. The 
founding story of the Mireuksa Temple has been passed 
down through the records of Samguk Yusa. In 2009, it was 
discovered that Iksan Mireuksa was founded by the royal 
family of King Mu (Muwang) in the Baekje Dynasty by the 
inscription “Kihae Year (639 AC)” in a reliquary found on the 
first floor of the pagoda.

After 2009, it was inevitable to expand the scope of the dis-
mantling survey beyond the first floor and stylobate of the 
pagoda because of the inclined or dislocated cornerstones 
and the lost or disturbed stylobate. In particular, archaeolog-
ical excavations were carried out under the stylobate, and the 
foundation structural condition and formation method were 
clarified in detail. However, when the time came to reassem-
ble the stone pagoda, a stable construction method using the 
foundation soil removed during the excavation survey needed 
to be identified. Other technical issues were also raised at this 
time.

First, traditional techniques for constructing the foundation 
of cultural heritage buildings, such as the rammed earth 
te ch n i qu e,  are  ch a l l e ng i ng  to  i mpl e me nt  du e  to  t he 
development of modern advanced technology and materials, 
which reduces the availability of skilled labor. Currently, there 
are few engineers who know how to perform the rammed 
earth technique, so the only available references are a few rare 
documents and cultural property standard specifications, 
but even they do not contain detailed explanations of the 
construction method. Second, ensuring structural stability 
is the highest priority for the foundation that supports the 
significant weight of the stone pagoda. However, due to the 
lack of scientific research on the civil engineering, structural 
mechanics, and material properties of rammed earth, we must 
rely only on empirical judgement and it is still not easy to 
determine the structural stability.

To solve these problems, the NRICH conducted a trial study 

on the reinforcement method for the pagoda foundation 
soil layer and completed the foundation work based on the 
results of the trial study. In this paper, we will summarize the 
stability review of the rammed earth technique utilized for the 
reinforcement of the Stone Pagoda foundation at the Mireuksa 
Temple Site.

2. BASE SURVEY DETAILS OF STONE PAGODA AT 
MIREUKSA TEMPLE SITE

2.1 Stone pagoda stylobate excavation survey 
(2009–2010)3

The investigation of the cornerstones and stylobate of the first 
floor prior to being dismantled showed that most members were 
unstable due to displacements or disturbances. An excavation 
survey was conducted to verify the construction technique 
and the conditions of the stylobate and foundation of the stone 
pagoda. The stylobate excavation survey was conducted with 
a minimum scope by distinguishing the inside and outside 
based on the cornerstone column in such a way as to preserve 
the prototype and not affect the structural stability. Figure 2 
depicts the soil layer sections obtained from the survey. For 
the excavation survey of the outer part of the stylobate outside 
the cornerstone column, search trenches were dug around 
the northwestern stylobate, avoiding the underside of the 
cornerstones and base stones.3

Figure 2. Soil layer section status of the Stone Pagoda at Mireuksa 
Temple Site(A-A') (Source: Kim et al. 2012)

The stacked stone subbase inside the cornerstone column was 
divided into the regions northeast, southeast, southwest, and 
northwest, with the bottom soil layer of the cross-shaped passage 
as the boundary, which were then investigated to the middle 
height of the base stones. For the soil layer in the base stone level, 
it was found that sandy clay layers with a layer thickness of 7-15 
cm were formed uniformly inside the soil layer from the middle 
to the top of the base stones. The soil and stone mixed layer 
exposed after removal of the sandy clay layer revealed ramming 
indentations with a diameter of 8 cm and a depth of 4 cm. The 
excavation survey revealed the pagoda site construction method 
and allowed a structural interpretation of the foundation 

3 This section outlines the ‘Stone Pagoda at Mireuksa Temple Site 
Stylobate Excavation Survey,’ which was carried out in 2009 and 2010 by 
the Mireuksa Temple Site Stone Pagoda Maintenance Project Group of 
the National Research Institute of Cultural Heritage.
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considering its correlation with the superstructure.4

2.2 Evaluation of the structural stability 
       of the preserved existing foundation

The structural stability of the pagoda foundation soil layer 
was evaluated to determine the need for improvement or 
reinforcement before reassembly of the pagoda. The evaluation 
method consisted of an examination of the bearing capacity and 
settlement of the foundation ground according to the Korean 
Building Code5 of the Ministry of Land, Infrastructure, and 
Transport.

The settlement amount and distribution of the foundation 
soil layer were estimated using 3-D numerical analysis. The 
3-D numerical analysis was conducted using ABAQUS after 
implementing 2-D images of the ground under the pagoda and 
estimating the soil properties through a physical survey of the 
ground (seismic, electrical resistivity, and ground penetrating 
radar surveys) in 1998, a drilling survey in 1999, and a harmonic 
wavelet analysis of waves (HWAW) in 2007. The research 
results revealed that the settlement of the foundation since the 
construction of the stone pagoda until recently was estimated 
to be 100 mm at the maximum and that the possibility of 
differential settlement due to the reassembly of the pagoda was 
low and the variation of settlement was negligible (Hong et al. 
2008).

Figure 3. Plate load test(Foundation)

4 From the report by Bae (2011), the pagoda site formation procedure 
is estimated to be as follows: Total site banking → Re-excavation of the 
lower part of the pagoda site → Compaction by soil and stone mixing 
(earth and sand + trimmed stones) → Installation of base stones → 
Rammed earth compaction with soil and sand excluding the cross-
shaped passage → Compaction of soil and stone mixing (earth and sand 
+ trimmed stones). 
The upper load acting on the stacked part is distributed into four sub-
regions divided by the cross-shaped passage and transmitted to the 
stacked soil layer and foundation. The load of external members is mostly 
transmitted to the foundation soil layer through the cornerstones and 
base stones. Ibid., pp. 137-138.
5 According to the Korean Building Code for foundation ground, the 
contact pressure (a pressure between the bottom of the foundation and 
the ground contacting it) must not exceed the allowable bearing capacity 
and the settlement of the foundation must be within the allowable 
settlement and should be uniform, if possible.

A plate load test6 was conducted to investigate the allowable 
bearing capacity7 of the foundation soil layer, as shown in 
Figure 3. Before starting the test, the depth of the foundation, 
the groundwater table, and other important conditions8 

were examined. The applied load was set as 12 tons by applying 
the safety factor (1.3) based on the loading plate diameter (30 
cm) to the test load, which is three times the contact pressure. It 
was determined to be structurally stable because the allowable 
bearing capacity of the pagoda’s foundation, which was 
calculated according to the standard test method for bearing 
capacity of soil for static load on spread footings9 (KS F 2444), 
was higher than the contact pressure at the test location. The 
analysis results are listed in Table 1.

Table 1. Allowable bearing capacity of the foundation soil layer                             
of the Stone Pagoda at Mireuksa Temple Site(2010)

Location of 
plate load 

test
Orientation

Long-term 
allowable 

bearing capacity

Contact pressure 
(assuming pagoda 

weight is 1,760 tons)

Soil layer 
under the 

base stones

NE 467 kPa
392 kPa

SW 519 kPa

Soil layer 
under the 

stacked 
stones

NE 383 kPa 208 kPa

6 In the flat plate load test, the loading plate is placed on the ground and 
a vertical static load is applied step-by-step to measure the load-time-
settlement relationship of the ground. This test is widely used as a means 
to determine the strength of the ground by investigating the shear failure 
type of the ground, ultimate and yield bearing capacities, soil reaction 
force coefficient, strain coefficient, spring constant, and shear coefficient.
7 Types of bearing capacity include yield load, ultimate bearing capacity, 
and allowable bearing capacity. The yield load is the bearing capacity 
within the proportional limit. The ultimate bearing capacity is the 
bearing capacity in which the settlement continues, but the load does not 
increase. The allowable bearing capacity is defined as the bearing capacity 
determined by considering the safety factor as well as the yield load and 
the ultimate bearing capacity.
8 The significant depth of the plate load test is generally assumed to be 
twice the diameter of the loading plate. In the case of actual soil layer, 
however, the longitudinal section of the test point should be examined 
first because the stress will reach the deep layer. Furthermore, if the 
groundwater level rises, the effective stress decreases due to the buoyancy 
caused by the groundwater. The longitudinal section of the foundation 
soil layer can be found through the excavation survey and GPR survey 
results. The groundwater level was confirmed to be in the range of 2.6~3.5 
m in depth as a result of the standard penetration test on the temporary 
housing site for the pagoda.
9 A circular steel plate with a 300 mm diameter was used for the loading 
plate, and a thickness of 25 mm was used to prevent deformation of the 
loading plate by the load. The settlement amount was measured with two 
dial gauges with a 1/100 mm precision and the average value was applied. 
The settlement amount was measured at 2, 4, 6, 8, 10, and 15 min after 
the load was applied and then every 15 min until the settlement increase 
became markedly low. Loading was finished when the settlement stopped 
or the five-minute average settlement was less than 0.01 mm. Then the 
loading of the next load step was performed.
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As a result of investigating the settlement and allowable bear-
ing capacity as described above, the foundation soil layer of the 
Stone Pagoda at Mireuksa Temple Site was considered to be 
structurally stable and could preserve its original form. Howev-
er, the search trenches in the outer part of the stylobate that had 
been inevitably removed during the excavation survey had to 
be restored and the foundation soil layer inside the cornerstone 
column had to be constructed again before assembling the pa-
goda.

The stylobates of stone pagodas since the Unified Silla Period 
generally support the upper load directly, but in the case of the 
Stone Pagoda at Mireuksa Temple Site (Figure 4), the foundation 
stones and stacked stones support the upper load separately. The 
search trenches in the outer part of the stylobate do not support 
the upper load, but the subbase of the stacked stones inside the 
cornerstone column directly support the upper load. Therefore, 
the structural stability must be considered as the first priority 
during the repair of the pagoda.

Figure 4. Stylobate section status(Loss of upper stylobate face stone)
 (Source: Kim et al. 2011)

3. EXPERIMENTAL STUDY10

 
The foundation soil layer (rammed earth) under the stacked 
stones that had been removed during the excavation survey had 
to be repaired based on a traditional method11, as stipulated in 
Article 3 of the Act on Cultural Heritage Maintenance, Etc.12 

10 This section outlines the content of the “Foundation Reinforcement 
Method Research of the Stone Pagoda at Mireuksa Temple Site (2011, 
2013)” which was conducted twice by the Maintenance Project Group of 
the National Research Institute of Cultural Heritage.
11 Cultural heritage repair by traditional method includes not only 
tangible value, but also all values including intangible techniques, 
masters, and tools, and this can be understood as a comprehensive 
meaning that all these elements must be passed down.
12 Act on Cultural Heritage Maintenance, Etc., Article 3 (Basic Principles 
for Repair, etc. of Cultural Heritage):  The repair of cultural heritage, on-
site survey and design, or supervision (hereinafter referred to as "repair, 
etc. of cultural heritage") shall employ methods and technologies most 
appropriate for the preservation of the original form of cultural heritage, 
and no designated cultural heritage and surroundings shall be damaged 
due to the repair, etc. of cultural heritage.

and the Repair Principles of the Culturl Heritage Maintenance 
Standard Specification.13 However, there are almost no experts 
or technicians familiar with the rammed earth method used in 
large buildings in ancient times. Thus, we had to depend on lim-
ited materials such as old literatures and the Cultural Properties 
Maintenance Standard Specification, but these documents lack 
specific details about the construction method. A more serious 
problem is that there is no scientific data on the structural stabil-
ity of the soil layers constructed by the rammed earth method, 
and we have to rely on empirical judgment in the field of cultural 
property repair.

Therefore, the authors conducted experimental studies on 
the foundation construction method in order to repair the 
cultural property using traditional techniques. For the study, 
we fabricated specimens from the soil that had been removed 
during the excavation survey, determined the allowable bearing 
capacity through plate load tests, and compared the results with 
the predicted stress after reassembly of the stone pagoda to 
estimate the structural stability. The plate load test method was 
identical to the method used in the bearing capacity test of the 
stone pagoda foundation previously conducted (Min 2010).14

3.1 First repair method study (2011)
The first repair method was to reconstruct the foundation soil 

layer under the stacked stones that had been removed during 
the excavation survey. Based on the results of the excavation 
survey and referring to the structure of the existing soil layer, the 
rammed earth method was applied at a compaction thickness 
of 10 cm or 15 cm per layer, depending on the inclusion of 
trimmed stones (Figure 5).

Figure 5. Specimen production of the first study(Section)

13 Cultural Heritage Administration, “Cultural Properties Repair 
Standard Specification”, 2014, p. 35. 0100 General Common Items, 0110 
Cultural Heritage Repair Principles a. The repair of cultural heritage shall 
comply with the following and preserve the original form in principle: (1) 
Repair to the original form. (2) Repair with the conventional method. (3) 
Preserve the surrounding environment as well.
14 In addition to the reconstructed test specimens of existing soil layers, 
the allowable bearing capacity and other parameters were examined by 
preparing test specimens (whole), quicklime (ply), inorganic matters 
(ply, mat) and compaction methods (hand and machine). However, 
the application of new materials and methods could be opposed to the 
principles of conservation of cultural properties (conservation of original 
form) and international preservation standards. Therefore, we reviewed 
repair techniques by improving the conventional rammed earth method.
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Figure 6. Specimen production(first study)
* Size of specimen: 1,800mm(Width)×750mm(Height)

The soil layer was reconstructed in an identical manner as the 
existing soil layer by using the red clay near the Mireuksa Temple 
Site for the rammed earth and the stones of around 20 cm in 
diameter collected during the excavation survey were used for 
rubble stones. A wooden shaft with a length of approximately 
150 cm and a diameter of approximately 8 cm was used as 
the compaction (ramming) tool based on the analysis of the 
compaction indentations inside the stylobate.

The production time from compaction to curing for each 
soil layer was planned to be seven days, but there were 
variations due to the weather as it was an outdoor experiment. 
The specimen dimensions were set at 75 cm for the height, 
which is 2.5 times the height of the loading plate (30 cm), and 
180 cm for the width, which is 6 times the width of the loading 
plate to avoid complications from the stiffness of the form 
(Figure 6).

Table 2 lists the specimen characteristics and allowable 
bearing capacity results. The allowable bearing capacity of the 
specimen that was produced by reconstructing the existing soil 
layer (194 kPa) was smaller than the contact pressure under the 
stacked stones of the stone pagoda with an estimated weight 
of 1,760 tons (208 kPa), which would result in instability 
of the upper load. It was only around 50% of the long-term 
allowable bearing capacity (383 kPa) of the soil layer under 
the stacked stones (NE region). There could be many reasons 
for this discrepancy, but assuming that the bearing capacity of 
the reconstructed specimen is similar to that of the soil layer 
at the time of original construction, we can assume that the 
bearing capacity of the preserved foundation has increased by 
compression under the weight of the stone pagoda over 1,300 
years.

After removing the casts after the load test, the side of the 
specimen soil layer was examined, and only the top 50% (5 cm) 
of each layer (10 cm) was compacted firmly. Therefore, the effec-
tive compaction depth using the wooden shaft was around 5 cm, 
assuming there was no mistake in the rammed earth method 
used.

Table 2. Allowable bearing capacity in the first study(2011)

Specimen

Specimen production method Long-term 
allowable 
bearing 
capacityMaterial Thick-

ness
Lay
-ers W/B Compaction 

method

First 
study
2011

Earth 10 cm 4 2% Hand rammer 
(wooden shaft)
~8 cm iameter

 and 5 kg

194 kPaEarth + 
rubble 
stones

15 cm 2 5%

* Contact pressure under the stacked stones of the stone pagoda ssumed 
to weigh 1,760 tons): 208 kPa
* Long-term allowable bearing capacity (2010) of the soil layer reserved 
existing foundation) under the stacked stones (NE): 383 kPa

3.2 Second repair method study (2013)
In the first study (2011), the specimen was produced outdoors, 

and the curing period varied depending on the frequency of 
precipitation. Furthermore, fine cracks were generated on the 
specimen surface from rapid drying caused by strong sunshine 
during the curing. To solve this problem in the second study 
(2013), the specimen was produced indoors with the same con-
ditions as the pagoda repair site. The specimen dimensions and 
layer materials were identical to those of the first study.

The compaction thickness per layer was set at 5 cm by referring 
to the minimum layer thickness of the foundation soil layer15 
and the effective compaction thickness using the wooden shaft 
(around 8 cm diameter and 5 kg) observed in the first study. 
However, because the humidity was higher in the indoor space, 
the water-to-binder (W/B) ratio was adjusted to be consistent 
with the field conditions. The production period for one layer of 
soil was around seven days, so the full specimen (10 layers) took a 
total of 70 days. Figure 7, 8 illustrates the specimen production.

Figure 7. Specimen production of second study(Section)

15 The report from Kim et al. (2012) indicate the results of the west 
exploration pit revealed that the layer thicknesses showed a broad range 
of 5 cm ~ 31 cm. As the trimmed stones became smaller and the layer 
thickness became smaller in the upper layers, the number of upper 
compaction layers was smaller than the number of lower compaction 
layers.
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4.1 Evaluation of allowable bearing capacity
For the evaluation method, the yield load and ultimate 

bearing capacity were calculated through a plate load test 
in the same way as in the previous repair method study, as 
shown in Figure 10. Then the long-term allowable bearing 
capacity18 was evaluated considering the penetration depth of 
the foundation and compared with the contact pressure for 
stability review.

Table 4 lists the characteristics of the foundation and the test 
results. The allowable bearing of the reinforced foundation 
(637 kPa or greater) was more than twice the contact pressure 
(284 kPa) under the stacked stones of the pagoda (1,829 tons). 
Therefore, it was confirmed that the rammed earth foundation 
can stably support the upper load.

Table 4. Allowable bearing capacity of the reinforced foundation

Location of 
plate load 

test

Rammed earth method Long-term 
allowable 
bearing 
capacityMaterial Thickness Layer W/B Compaction 

method

Reinforced
foundation
under the

stacked
stones

Soil 5 cm 6 1%

Hand rammer 
(wooden bar) 

~8 cm 
diameter and 

5 kg

637 kPa or 
greater

* Contact pressure under the stacked stones of the stone pagoda (1,829 
tons): 284 kPa
* Long-term allowable bearing capacity of the soil layer (preserved 
existing foundation) under the stacked stones (2013): 566 kPa or 
greater

4.2 Settlement review

Estimation of settlement of the preserved existing 
foundation soil layer

In the result of the standard penetration test (1999) on the 
surrounding site of the stone pagoda, the underground water 
level is 2.6 to 3.5 meters, and the stability of foundation is judged 
to be intact. However, it is necessary to review the variation of 
groundwater level. It may impact seriously on rammed earth. 
From the report by Ha (2015), the relative displacement of 
the settlement caused by changes in the groundwater level is 

18 Long-term allowable bearing capacity : qa = qt + (γt × Df × Nq) ÷ 3

qt :  Minimum between 1/3 of the ultimate bearing capacity determined 
by plate load test or 1/2 of yield stress (t/m2)

Df :  Penetration depth of foundation(The Stone Pagoda of Mireuksa 
Temple Site) = 0(m)

γt :  Unit volume weight of dense soil(above the groundwater) = 17.6(t/
m3)

Nq :  Bearing capacity coefficient of dense soil(above the groundwater) = 
12

Figure 10. Plate load test(reinforced foundation)

Figure 8. Specimen production(second study)
* Size of specimen: 1,800mm(Width)×750mm(Height)

Table 3 lists the specimen characteristics and allowable bearing 
capacity results. The allowable bearing capacity (566 kPa or 
greater) of the specimens in the second study that had improved 
the problems of the first study was more than twice the contact 
pressure (284 kPa)16 under the stacked stones of the pagoda 
(1,829 tons). Therefore, it can stably support the upper load. It 
seems that the effective compaction thickness of the wooden bar 
and the indoor curing conditions had a significant effect on the 
increase of the allowable bearing capacity.

Table 3. Allowable bearing capacity in the second study(2013)

Specimen

Specimen production method Long-term 
allowable 
bearing 
capacityMaterial Thick-

ness
Lay
-ers W/B Compaction 

method

Second 
study 
2013

Earth 5 cm 8 1% Hand rammer 
(wooden bar)
~8 cm iameter 

and 5 kg

566 kPa or 
greaterEarth + 

Rubble 
stones

15 cm 2 2%

* Contact pressure under the stacked stones of the stone pagoda 
(1,829 tons): 284 kPa
* Long-term allowable bearing capacity of the soil layer (preserved 
existing foundation) under the stacked stones (NE) (2010): 383 kPa

4. EVALUATION OF THE STRUCTURAL STABILITY17

16  According to the first study (2011), the estimated weight of the Stone 
Pagoda at Mireuksa Temple Site when it was assembled to six floors was 
approximately 1,760 tons. In the maintenance design process for the 
Stone Pagoda at Mireuksa Temple Site later in 2012, the estimated weight 
of the pagoda increased to 1,829 tons. Thus, as a result of structural 
calculation, the contact pressure under the stacked stones was 284 kPa.
17 This section outlines the content of the “Allowable Bearing Capacity 
Report on the Foundation of the Stone pagoda at Mireuksa Temple site 
(2015)” which was conducted by the Maintenance Project Group of the 
National Research Institute of Cultural Heritage.

Before the full-scale reassembly of the stone pagoda at 
Mireuksa Temple Site, we had to complete reinforcement work 
for the foundation soil layer above the base stone level, which 
had been removed or transformed during the stylobate excava-
tion survey process. Therefore, the foundation reinforcement 
work (2014) was completed using the improved rammed earth 
method based on the soil layer formation method that had been 
discovered during the excavation survey and the results of the 
structural review in the two repair method studies (Min et al. 
2011; Min et al. 2013). The completed foundation is illustrated 
in Figure 9.

Figure 9. Completed rammed earth compaction of the foundation

Figure 10. Plate load test(reinforced foundation)

Figure 9. Completed rammed earth compaction of the foundation
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4.1 Evaluation of allowable bearing capacity
For the evaluation method, the yield load and ultimate 

bearing capacity were calculated through a plate load test 
in the same way as in the previous repair method study, as 
shown in Figure 10. Then the long-term allowable bearing 
capacity18 was evaluated considering the penetration depth of 
the foundation and compared with the contact pressure for 
stability review.

Table 4 lists the characteristics of the foundation and the test 
results. The allowable bearing of the reinforced foundation 
(637 kPa or greater) was more than twice the contact pressure 
(284 kPa) under the stacked stones of the pagoda (1,829 tons). 
Therefore, it was confirmed that the rammed earth foundation 
can stably support the upper load.

Table 4. Allowable bearing capacity of the reinforced foundation

Location of 
plate load 

test

Rammed earth method Long-term 
allowable 
bearing 
capacityMaterial Thickness Layer W/B Compaction 

method

Reinforced
foundation
under the

stacked
stones

Soil 5 cm 6 1%

Hand rammer 
(wooden bar) 

~8 cm 
diameter and 

5 kg

637 kPa or 
greater

* Contact pressure under the stacked stones of the stone pagoda (1,829 
tons): 284 kPa
* Long-term allowable bearing capacity of the soil layer (preserved 
existing foundation) under the stacked stones (2013): 566 kPa or 
greater

4.2 Settlement review

Estimation of settlement of the preserved existing 
foundation soil layer

In the result of the standard penetration test (1999) on the 
surrounding site of the stone pagoda, the underground water 
level is 2.6 to 3.5 meters, and the stability of foundation is judged 
to be intact. However, it is necessary to review the variation of 
groundwater level. It may impact seriously on rammed earth. 
From the report by Ha (2015), the relative displacement of 
the settlement caused by changes in the groundwater level is 

18 Long-term allowable bearing capacity : qa = qt + (γt × Df × Nq) ÷ 3

qt :  Minimum between 1/3 of the ultimate bearing capacity determined 
by plate load test or 1/2 of yield stress (t/m2)

Df :  Penetration depth of foundation(The Stone Pagoda of Mireuksa 
Temple Site) = 0(m)

γt :  Unit volume weight of dense soil(above the groundwater) = 17.6(t/
m3)

Nq :  Bearing capacity coefficient of dense soil(above the groundwater) = 
12

5.4 to 7.6mm. Therefore, since the relative displacement of the 
sediment is small, the structural stability of the foundation is 
judged to be intact.

In the results of a stone pagoda structural stability evaluation 
study (2008), the preserved existing foundation showed a 
stable condition. However, a cyclic load test19 was performed 
to additionally examine the settlement according to the 
reloading during the pagoda assembly before the foundation 
reinforcement. In the case of the soil layer under the base stone, 
the average settlement of the loading plate (30 cm diameter) was 
3.9 mm and the settlement of the soil layer under the stacked 
stones was 0.92 mm. 

In the case of the stone pagoda foundation, however, the 
actual loading area is larger than the size of the loading plate for 
the plate load test. Therefore, the settlement amount must be 
corrected20 in consideration of the scale effect. Assuming21 that 
the same soil layer exists down to a sufficient depth compared 
to the foundation size of the stone pagoda, the maximum 
settlement of the soil layer under the base stones was estimated 
as 3.6 mm and the maximum settlement of the soil layer under 
the stacked stones was estimated as 3.4 mm. The settlement 
review results suggest that the foundation soil layer that remains 
in the original condition will undergo minimal settlement 
during the pagoda assembly due to the long-term settlement 
and the consolidation.22

Settlement estimation of the reinforced foundation soil 
layer

As a result of the plate load test performed on the cured 
soil layer after the foundation reinforcement work, the 
average settlement of the loading plate (diameter 30 cm) 
was 0.44 mm. Table 5 lists the settlement estimations using 
three methods. The maximum settlement of the reinforced 
foundation soil layer after correction considering the loading 
plate size and scale effect was estimated as 1.6 mm. Therefore, 
the possibility of settlement of the rammed earth foundation 
soil layer during the pagoda assembly is expected to be very 
low because the settlement amount of the reformed soil layer 
is less than half of the settlement of the stabilized existing soil 
layer (3.4 mm).

19  For the cyclic load test, the test load steps were divided into 12. That 
is, the load corresponding to three times the design bearing capacity was 
loaded in 1-4 steps → unloaded in 4~1 steps, loaded in 1~8 steps → un-
loaded in 8~1 steps, and loaded in 1~12 steps → unloaded in 12~1 steps.
20  Methods to estimate the settlement of the actual foundation consider-
ing the scale effect are being proposed by many researchers (e.g., Bouss-
inesq, Terzaghi-Peck, Meyerhof).
21  We should take into account that this is different from the ground 
condition of the Stone Pagoda at Mireuksa Temple Site because the soil 
quality must be uniform within the influence range of the underground 
stress considering the actual foundation size.
22  The basis for this judgement is that in terms of geotechnical engi-
neering, when a load within the allowable load is applied to the ground 
and then unloaded (loading → unloading → reloading), the deformation 
amount according to the stress history becomes very small.

Figure 10. Plate load test(reinforced foundation)

Figure 8. Specimen production(second study)
* Size of specimen: 1,800mm(Width)×750mm(Height)

Table 3 lists the specimen characteristics and allowable bearing 
capacity results. The allowable bearing capacity (566 kPa or 
greater) of the specimens in the second study that had improved 
the problems of the first study was more than twice the contact 
pressure (284 kPa)16 under the stacked stones of the pagoda 
(1,829 tons). Therefore, it can stably support the upper load. It 
seems that the effective compaction thickness of the wooden bar 
and the indoor curing conditions had a significant effect on the 
increase of the allowable bearing capacity.

Table 3. Allowable bearing capacity in the second study(2013)

Specimen

Specimen production method Long-term 
allowable 
bearing 
capacityMaterial Thick-

ness
Lay
-ers W/B Compaction 

method

Second 
study 
2013

Earth 5 cm 8 1% Hand rammer 
(wooden bar)
~8 cm iameter 

and 5 kg

566 kPa or 
greaterEarth + 

Rubble 
stones

15 cm 2 2%

* Contact pressure under the stacked stones of the stone pagoda 
(1,829 tons): 284 kPa
* Long-term allowable bearing capacity of the soil layer (preserved 
existing foundation) under the stacked stones (NE) (2010): 383 kPa

4. EVALUATION OF THE STRUCTURAL STABILITY17

16  According to the first study (2011), the estimated weight of the Stone 
Pagoda at Mireuksa Temple Site when it was assembled to six floors was 
approximately 1,760 tons. In the maintenance design process for the 
Stone Pagoda at Mireuksa Temple Site later in 2012, the estimated weight 
of the pagoda increased to 1,829 tons. Thus, as a result of structural 
calculation, the contact pressure under the stacked stones was 284 kPa.
17 This section outlines the content of the “Allowable Bearing Capacity 
Report on the Foundation of the Stone pagoda at Mireuksa Temple site 
(2015)” which was conducted by the Maintenance Project Group of the 
National Research Institute of Cultural Heritage.

Figure 9. Completed rammed earth compaction of the foundation
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Table 5. Settlement estimation results of the reinforced foundation soil layer

Estimation 
method 

(Proposer)

Applied 
ground Settlement estimation equation

Boussunesq Sand

Terzaghi-
Peck Sand

Meyerhof Sand

 : Settlement of the loading plate (cm)
 : Diameter of each PBT loading plate (cm)

  : Foundation width of the Boussunesq method (cm) and foundation 
width of the Terzaghi- Peck and Meyerhof method (m)

  : Standard penetration test N value (an average of 14 is applied as 
a result of the structural stability evaluation for the Stone Pagoda at 
Mireuksa Temple Site)

 : Vertical stress of the stacked stone foundation (required allowable 
bearing capacity) 29 tons/m2

5. CONCLUSIONS

The restoration of rammed earth foundations supporting the 
immense load of stone pagodas prioritizes securing its structural 
stability. This research is motivated by the desire to preserve 
the authenticity of our cultural heritage and rammed earth 
technology. The traditional techniques for the construction of 
rammed earth foundations for architectural cultural landmarks 
are in danger of being discontinued due to the development 
of modern technology and new materials. Therefore, an 
experimental study on the repair method for the rammed 
earth foundation of the Stone Pagoda at Mireuksa Temple Site 
was conducted based on the rammed earth technique that 
was discovered during the excavation survey. Then, the repair 
method was selected based on the study results and the rammed 
earth foundation at the base stone level was reconstructed, 
which had been removed during the excavation survey. The 
allowable bearing capacity and settlement were examined to 
confirm its stability.

The allowable bearing of the reinforced foundation (637 kPa 
or greater) was more than twice the contact pressure (284 kPa) 
under the stacked stones of the pagoda (1,829 tons). Therefore, 
it was confirmed that the rammed earth foundation can stably 
support the upper load.

The maximum settlement of the reinforced foundation soil 
layer after correction considering the loading plate size and 
scale effect was estimated as 1.6 mm. Therefore, the possibility 
of settlement of the rammed earth foundation soil layer during 
the pagoda assembly is expected to be very low because the 
settlement amount of the reformed soil layer is less than half of 

the settlement of the stabilized existing soil layer (3.4 mm).
The first priority of cultural heritage repair is to preserve the 

original form, and the universal value of authenticity23 has a 
critical significance in establishing the direction and principle 
of cultural heritage preservation. The concept of authenticity is 
gradually expanding the scope of original form preservation, 
which has been limited to unique forms and physical aspects, 
to include traditional techniques and materials. In Korean 
academic circles, however, the main trend still has been to study 
the stylistic aspects of the original form, and studies on the 
technical aspects of the preservation methods are insufficient. 
In this study, objective data were acquired through scientific 
experimental research on the rammed earth method, which 
is one of the traditional foundation construction methods for 
architectural cultural heritages.

In recent years, geotechnical survey has also made a great deal 
of advances in quality due to multidisciplinary research between 
civil engineering and architectural cultural heritage. However, 
rammed earth construction is no scientific data and we have to 
rely on empirical judgment. In this context, structural stability 
evaluation methods of rammed earth construction applied in 
the restoration project of the Stone Pagoda at Mireuksa Temple 
Site in Iksan to set a precedence of significance for future 
reference for foundation work of architectural cultural heritage.

REFERENCES

Bae, B.S. (2011) “Maintenance Plan on Restoration of the 
Stone pagoda at Mireuksa Temple site” Presented at the 
International Forum on Restoration of Stone pagoda at 
Mireuksa Temple site. National Research Institute of Cultural 
Heritage (NRICH), 137-138.

Hong, S.G, et al. (2008) “Structural Stability Evaluation Report 
on the Stone pagoda at Mireuksa Temple site” Joint report by 
the National Research Institute of Cultural Heritage (NRICH) 
and Seoul National University, Korea Advanced Institute of 
Science and Technology (KAIST).

Kim, H.Y, et al. (2004) “The Stone pagoda at Mireuksa Temple 
site Deconstruction  Report 2” National Research Institute of 
Cultural Heritage (NRICH).

Kim, H.Y, et al. (2011) “The Stone pagoda at Mireuksa Temple 
site Deconstruction  Report 4” National Research Institute of 
Cultural Heritage (NRICH).

Kim, H.Y, et al. (2012) “Excavation Report on the Foundation of 
the Stone pagoda at Mireuksa Temple site” National Research 
Institute of Cultural Heritage (NRICH), 65.

Min, H.S, et al. (2010) “Allowable Bearing Capacity Report on 
the Foundation of the Stone pagoda at Mireuksa Temple site” 
Joint report by the National Research Institute of Cultural 

23  The concept of authenticity began with the Venice Charter (1964) 
and has since been stated in the UNESCO Charter or in the Operational 
Guidelines for the Implementation of the World Heritage Convention. 
Furthermore, authenticity is being used now as a mandatory condition 
for the registration of world heritage. However, there are regional, na-
tional, and cultural differences in understanding the concept of authen-
ticity.



Evaluation of the Structural Stability of Rammed Earth Construction 73

Heritage (NRICH) and Construction Quality Testing Center 
Co., Ltd.

Min, H.S, et al. (2011) “Reinforcement Plan Report on the 
Foundation of the Stone pagoda at Mireuksa Temple site” 
Joint report by the National Research Institute of Cultural 
Heritage (NRICH) and Construction Quality Testing Center 
Co., Ltd.

Min, H.S, et al. (2013) “Reinforcement Method Report on the 
Foundation of the Stone pagoda at Mireuksa Temple site” 
Joint report by the National Research Institute of Cultural 
Heritage (NRICH) and Construction Quality Testing Center 
Co., Ltd.

Min, H.S, et al. (2015) “Allowable Bearing Capacity Report on 
the Foundation of the Stone pagoda at Mireuksa Temple site” 
Joint report by the National Research Institute of Cultural 
Heritage (NRICH) and Construction Quality Testing Center 
Co., Ltd

Ha, S.H, et al. (2015) “A Study on the Cause and Improvement 
of Drainage Problems at Mireuksa Temple site in Iksan.” Joint 
report by the National Research Institute of Cultural Heritage 
(NRICH) and Sujung Engineering Co., Ltd

(Received May 6, 2018/Revised Sep. 5, 2018/Accepted Sep. 12, 2018)




