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ABSTRACT 

This study employs ground-penetrating radar (GPR) to investigate the walls of Wiang Kaew palace 

within the urban environment of the Chiang Mai city moat in Thailand. An 1893 McCarthy map 

accurately illustrates the existence and location of this ancient palace. In 2018, archaeologists uncovered 

buried segments of the Wiang Kaew Palace walls. To further explore these buried remains, the 500 

MHz radar PulseEkko® system was utilized in accessible prospective areas. The GPR surveys were 

executed using a grid system, and standard data processing steps were applied to the radar data, 

accounting for disturbances caused by rebar, wet soil zones, and drainage systems. Diffraction and 

planar reflection signatures were employed for interpreting the wall structure. The envelope attribute 

analysis was particularly beneficial in enhancing the migrated data sections. Envelope data were used 

to generate amplitude depth slices and isosurfaces, aiding in the interpretation and visualization of the 

wall structure alongside the GPR sections. The GPR data showcases sections of Wiang Kaew palace 

walls, revealing the surviving portions of the south, front, and north walls. The visualization of Wiang 

Kaew Palace walls from this study has potential applications in Chiang Mai's urban planning as well as 

in the realms of archaeological preservation and excavation. 
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1. INTRODUCTION  

Wiang Kaew palace (WKP) was established in the Chiang Mai city moat, as a place for central rulers 

of Chiang Mai city during Lanna age. ‘Wiang Kaew’ means all regions of the palace, including its 

enclosing walls. A historic photograph (Fig. 1a) well illustrates that WKP has walls.   

In 1893, the Ministry of Interior prepared ‘McCarthy map’ of Chiang Mai city [1], shown in Fig. 

1b. The map well proves the existence of WKP by the grey-shaded region in Fig. 1c. The palace can be 

inherently divided into three parts – the front palace, the north rear palace, and the south rear palace 

enclosed by the front wall, north wall, and south wall, respectively. There is a common middle wall 

where regions of the north and south rear palace bind. The north and south palaces are L-shaped, while 

the front palace is rectangular. WKP was constructed during the late 13th century and the mid-17th to 

early 18th centuries [2].   

WKP was abandoned in 1767, although some maintenance and refurbishments were performed in 

1794. The palace was transferred into the possession of the Siam government in 1903 [3-5]. WKP 

reflects Lanna’s history and sociology, and it influences Chiang Mai urban planning and tourism. 

Therefore, it is one of the most important archaeological sites in Chiang Mai city.    

Recently, the tobacco warehouse (TW), Wiang Kaew Rd (W), and Inta Rd (R) replaced the north 

rear palace. Meanwhile, a women correctional institute initially had replaced the south rear palace after 

it was demolished in 2016. It is now generally known as the Chiang Mai Former Woman Correctional 

Institute (FWCI or C). The front palace has been replaced by a tobacco office (TO), Jao Duang Deun’s 

house (JDH), recruiter’s houses (RCH), and Jaban Rd (J). The overall area is known as the ‘Khuang 

Luang Wiang Kaew Project’ (KLWKP).  

The remaining structures of WKP are the enclosing walls which were made of bricks. They are 

sustainable to erosion. However, bricks can be vandalized in some periods. They were investigated by 

ground-penetrating radar (GPR) performed inside the FWCI by Kasetsart University [6], and some parts 

of them were proved that they are ancient structures relevant to WKP [2]. The structures are two 150-
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m-long walls at 0.6-1.0 m depth with 2.0-2.2 m width, one wall junction, and one ancient canal. The 

south 150-m-long wall has been reburied in subsurface after excavation in 2018, in order to preserve it.  

Ref. [7] and [8] also found brick clusters close to Burirat’s house (BH), which is probably a part of 

related WKP construction. However, the N-S south wall at the western edge of the south-rear palace 

has not yet been found. The north and front walls under the surrounding urban neighborhoods also have 

not yet been found. Therefore, this study focuses on GPR investigation and visualization for these walls. 

This study provides GPR anomaly maps, fence diagrams, and isosurfaces of WKP as preliminary 

investigation results.    

  

 
Fig. 1 (a) a wall enclosing the WKP (b) McCarthy map showing Chiang Mai City Moat, WKP, and 

FWCI and KLWKP highlighted by a blue rectangle, a red rectangle, and a yellow mark, respectively 

(c) zoomed-in McCarthy map shown the palace with its three parts – northern and southern rear 

palace and front palace are enclosed by the north wall, south wall, and front wall, respectively. The 

middle wall divides two rear palaces (modified from [1]). 

  

2. GROUND-PENETETRATING RADAR 

In frequency range from 10 MHz to 2 GHz, used in GPR exploration case, electromagnetic (EM) waves 

travel through earth materials with small electrical conductivity 𝜎 < 0.01 S/m and non-magnetic 

properties; relative magnetic permeability 𝜇𝑟 = 1. Molecular polarization of water molecules in 

subsurface medium and interfacial polarization, which are caused by electric field application, play 

important role in velocity and attenuation of EM wave versus its frequencies [9]. EM propagation 

through a half-space medium with velocity 𝑣 =  𝑐/√휀𝑟 when 휀𝑟 is a relative dielectric permittivity of 

subsurface and 𝑐 is EM waves velocity in vacuum [9-11]. Furthermore, skin depth or penetration depth 

𝛿 of EM propagation is inverse of attenuation 𝛼, expressed as 𝛿 = 1/𝛼. In case of GPR, 𝛿 depends on 

electrical conductivity 𝜎, dielectric permittivity 휀, and magnetic permeability 𝜇, expressed as 𝛿 =

(2/𝜎)(√휀/𝜇)  = 5.31 × 10−3
√휀𝑟/𝜎 . Buried materials cause EM wave reflections conducted in this 

study. Strength of reflection relies on reflectivity 𝑅 depending on difference between 휀𝑟 of any two 

layers. It is mathematically expressed by 𝑅 =  (√휀𝑟1 − √휀𝑟2)/(√휀𝑟1 + √휀𝑟2) when εr1
 is εr of the 

upper layer and  εr2
 is εr of the lower layer [12-13]. Additionally, the velocity, attenuation, and skin 

depth of EM waves in GPR exploration are not affected by frequency; the first one is influenced by 

only the dielectric constant of the subsurface, where the other two are influenced by the electrical 

conductivity, magnetic permeability, and dielectric constant of the subsurface. 

 

3. SITE DESCRIPTION AND DATA ACQUISITION 

WKP site had been settled inside Chiang Mai city moat (Fig. 2a) in Chiang Mai province (Fig. 2b), 

northern Thailand (Fig. 2c).  FWCI and KLWKP (orange pinpoint) are at 498441.85N 2077774.20E 

zone 47Q UTM geographic referencing. The study area surface is covered by steel-reinforced concrete 

pavement and sandy-loam soils with vegetation. According to the excavation in 2018, a red-yellow 

mottled soil at which water accumulates [14] is 50-180 cm depth. 
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Fig. 2 (a) Satellite view (b) A red region referring to Mueang Chiang Mai district (c) Thailand (green 

region) and Chiang Mai (red region) shown in Geographical map. 

 

GPR data in this study were collected by the 500 MHz antenna PulseEkko® 
system (Fig. 3). They 

were acquired by odometer mode on three types of surfaces. Soil surface with vegetation (Fig. 3a) and 

concrete surface (Fig. 3b) have EM attenuation from water content/moisture in soil and rebar, 

respectively. Surface with vegetation soil and concrete (Fig. 3c) has both causes of attenuation for EM 

propagation.  

 

Fig. 3 GPR data acquisition using 500-MHz PulseEkko® 
system on (a) vegetation soil surface, (b) 

concrete surface, and (c) both of surfaces. 

 

There are 40 X-Y GPR grids acquired at accessible sites of WKP (orange-shaded areas in Fig. 4) 

with 0.25 m line spacing. Numbers of grids acquiring the south wall, front wall, and north wall are 21, 

11, and 8, respectively. Near the west end of the south 150-m-long wall, the preserved wall structure 

inside FWCI was selected to be a GPR test grid shown in Fig 4. The data from this test grid were used 

to create a ground truth model, enabling a comparison of its results with the entire project’s findings 

and facilitating easier interpretation. A few wide-angle reflection and refraction (WARR) were 

acquired for the estimation of GPR velocities in the subsurface.  

 

Fig. 4 All assumed walls, excavated wall structure, and GPR grid acquisition area overlain on Google 

Earth Pro and faint-shading McCarthy map. 
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4. DATA PROCESSING  
Standard processing steps from as follows (step 4.1 to 4.8) are applied to all collected GPR data using 

Ekko_ProjectTM software licensed by Sensors & Software Inc. The last step 4.9 is conducted on Voxler 

version 4 lisenced by Golden Software. 

1) Data editing is applied to correct parameters and line direction, sort data, and remove poor 

quality data.  

2) Dewow and DC removal are used to move distorted signal position to its original position or 

mean zero level and eliminate low-frequency components.  

3) Background average subtraction and horizontal filtering are applied for enhancing the signal 

and removing disturbing diffraction signals from rebars. 

4) Bandpass filtering for removing unwanted frequencies components. 

5) SEG2 gain for intensifying amplitude at higher two-way-travel time. 

6) Those data are interpreted using Fence’s diagram of unmigrated sections.  

7) Migration is essentially applied for moving EM energy from diffractions to its incident points, 

using velocity analysis.  

8) Hilbert’s transformation is used to generate analytic signal and envelope attribute. Finally, those 

envelope data are combined into cube and generated depth slices of envelope value to find parts of 

the WKP walls with reasonable identification [15-16]. 

9) Isosurface, which is rendered from a percentage of envelope value, is utilized for subsurface 

body visualization [17-18]. 

 

4 INTERPRETATION AND DISCUSSION 
5.1 South rear palace 

A high-amplitude radar anomaly was detected within the test grid, situated at a depth of 60 to 120 

cm beneath the surface. This anomaly spans a width of 2 to 3 m and exhibits a consistent lineation 

in the west-east direction, corresponding to the excavated south wall in this zone during 2018. 

Consequently, the radar characteristics observed in the test grid can serve as an initial model for 

interpreting other grids within this project. Furthermore, the appearance of radar reflectors, their 

width, and lineation align with the findings of the nearest GPR grid acquired by Kasetsart University 

in 2013. However, it is worth noting that the top of this anomaly is situated 20 to 30 cm deeper than 

in the Kasetsart University work. 

Grids C, R, and J are lineated in almost N-S direction to cover potential areas that might cover 

the south wall (Fig. 5a). A 50-to-60-cm depth slice of grid C5 shows clear high-amplitude anomalies 

oriented in the N-S direction, highlighted by black dotted lines in Fig. 5b. Their length is around 

17-18 m (including their extending part in C4 and C6). Their width is around 2-3 m. The anomalies 

are interpreted as an archaeological structure. Additionally, there are two circular zones of low 

amplitude highlighted by white and orange arrows and a 4-m-wide gap between the north and south 

structure highlighted by a black arrow. They might have been a vandalized zone since the WKP 

age, or they could be a pit that had been made for a purpose. Lines X06, X18, X30, X42, and X54 

are chosen to generate a fence diagram. An 80-to-90-cm depth slice of Grid J1 shows a W-E 

moderate-to-high-amplitude anomaly highlighted by black dotted lines in Fig. 5c. It is interpreted 

as an archaeological structure relevant to a WKP wall since it is close to overlie the W-E WKP 

wall. Its length and width are 4 and 1 to 3 m, respectively.  

The fence diagram of C5 in Fig. 6a shows planar reflectors referring to stacks of a structure that 

may be a wall. Hyperbolae (red arrows) in the diagram are probably diffractions from bricks inside 

the wall. Interestingly, lines X06 and X42 cut through the vandalize zones, which should completely 

have low anomaly (white and orange arrow) between the west structure (red block) and east 

structure (orange block), but there is a significant amplitude value of reflectors. Therefore, they 

might be pits inside the wall body, filled with archeological fragments and soil. Line X18 shows 

faint amplitude since it cuts the gap. The isosurface in Fig. 6b shows 49 percent threshold of 

amplitude. It shows two parts of the wall body with its east structure where pits appear. The top 

surface of the wall, pits, and gap are visualized.  
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Fig. 5 (a) 60-to-70-cm depth slices from the GPR grid in C, R, and J. C5 and J1 have clear high-

amplitude anomalies. (b) A 50-to-60-cm depth slice of Grid C5 with N100W anomaly lineation 

highlighted by black dotted lines. White, black, and orange arrows point at vandalize zone. White 

lines refer to cross sections of the anomaly. (c) A 80-to-90-cm depth slice of Grid J1 with N80oE 

anomaly lineation highlighted by black dotted line. 
 

 
Fig. 6 (a) Fence diagram of selected lines in grid C5 shows strong anomalies in red and orange 

rectangles. Red arrows label planar reflectors and hyperbolae vertices. White, black, and orange 

arrows point at weak-amplitude zone. (b) 49-percent isosurface of grid C5 with lineation highlighted 

by black-dotted lines. Black, orange, and white arrows mark pits and a gap. Ovals are probably 

archaeological parts of the south wall.  

5.2 Front palace 

Grids RC, JD, J, and TO cover potential areas that might cover the front wall (Fig. 7a). A 60-to-70-

cm depth slice of grid J7 shows apparent high-amplitude anomalies oriented in N80oE and N10oW 

directions, highlighted by black dotted lines in Fig. 7b. The W-E one is 6 m long and 3-4 m wide. 

Lines Y03, Y12, and Y21 are chosen for the fence diagram. A 70-to-80-cm depth slice of grid JD3 

has a dense N80oE high-amplitude anomaly highlighted by black dotted lines in Fig. 7c. Its length 

and width are 4 and 1 to 3 m, respectively. The anomalies found in JD3 and J7 are interpreted as 

archaeological structures relevant to the front wall since they are close to the overlain WKP walls. 

The fence diagram of J7 in Fig. 8a also shows several planar reflectors referring to a brick stack of 

the wall. Appearing hyperbolae correspond to well brick-contact condition of the archaeological 

structure. The isosurface of J7 in Fig. 8b shows 62 percent threshold of amplitude. It shows the 

surface of a part of the possible wall body lying eastward in a dashed oval. 
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Fig. 7 (a) 80-to-90-cm depth slices from GPR grids in RC, JD, J, and TO. J7 and JD3 have clear 

high-amplitude anomalies. (b) A 60-to-70-cm depth slice of Grid J7 with N80oE anomaly lineation 

highlighted by black dotted line. White lines (Y3, Y12, Y21) refer to cross sections of the anomaly. A 

small N-S anomaly at the southwestern corner of the grid also appears. (c) A 70-to-80-cm depth slice 

of Grid JD3 with N80oE anomaly lineation highlighted by black dotted line.  
 

 
Fig. 8 (a) Fence diagram of selected lines in grid J7 shows strong anomalies in red rectangles. Red 

arrows label planar reflectors and hyperbolae vertices. (b) 62-percent isosurface of grid J7 with a 

dashed oval as a probable front wall.  

 

5.3 North rear palace 

Grids R, TW, and W cover potential areas that might cover the north wall (Fig. 9a). A 70-to-80-cm 

depth slice of Grid R11 shows a high-amplitude anomaly number ‘1’ oriented in N100W direction, 

highlighted by a black dotted line in Fig. 9b. Its length and width are around 10-12 m (including 

their extending part in R10) and 2 m, respectively. Anomaly number ‘2’ is a small region at the 

northeastern corner of the grid. Lines Y24, X04, X10, and X16 are chosen to generate a fence 

diagram. A 60-to-70-cm depth slice of Grid W5 shows an apparent dense high-amplitude anomaly 

oriented in the W-E direction, highlighted by black dotted lines in Fig. 9c. Its length and width are 

8 to 12 and 1 to 3 m, respectively. The anomalies found in R11 and W5 are interpreted as 

archaeological structures relevant to the north wall since they are close to the overlain WKP walls. 

The fence diagram of R11 in Fig. 10a shows wavy reflectors and a few hyperbolae, probably 

corresponding to good brick-contact conditions but a non-planner-layered wall in both of number 

‘1’ and ‘2’. The isosurface of R11 in Fig. 10b shows 49 percent threshold of amplitude. It shows 

the surface of two parts of the possible wall body. Number ‘1’ probably is a part of N-S north wall. 

Number ‘2’ probably is a part of W-E north wall since it is close to the north wall corner.  
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Fig. 9 (a) 70-to-80-cm depth slices from GPR grids in R, TW, and W. Grid R11 and W5 have 

evident high-amplitude anomalies. (b) A 70-to-80-cm depth slice of Grid R11 with N100W anomaly 

number ‘1’ is highlighted by a black dotted line (X04, X10, X16). Anomaly number ‘2’ at the 

northeast grid is highlighted by an oval. White line (Y24) refers to cross-sections of the anomalies. 

(c) A 60-to-70-cm depth slice of Grid W5 with N80oE anomaly lineation highlighted by a black 

dotted line.  
 

 

Fig. 10 (a) Fence diagram of selected lines in grid R11 shows strong anomalies in red rectangles 

number ‘1’ and ‘2’. Red arrows label planar reflectors and hyperbolae vertices in both numbers. (b) 

49-percent isosurface of grid R11 with dashed ovals as a probable north wall. 
 

5 CONCLUSIONS  

GPR proves to be a valuable tool for investigation and the identification of potential remains of Wiang 

Kaew Palace (WKP) walls within the Chiang Mai city moat. Overall results in the south of FWCI 

partially agree with results from Kasetsart University in terms of amplitude, lineation, the shape of 

reflectors, and size of anomalies. Nevertheless, the depth of archaeological anomalies in this study is 

deeper than those reported by Kasetsart University. Depth slices from six grids out of the total forty 

consistently display lineations of high amplitude anomalies in locations corresponding to the WKP 

wall's position as indicated on the ancient map. Fence diagrams of unmigrated sections illustrate distinct 

reflectors and hyperbolae, likely representing arrangements of stacked bricks within the wall structure. 

Isosurface images provide visualizations of the upper surface of these potential wall structures. To 

enhance the accuracy of visualizing the wall structure further, we plan to incorporate GPR attribute 

analysis and new curvelet analysis into our ongoing work.  
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