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Abstract  
Fort Bowie became National Historic Site in 1964 under supervision of the U.S. National Park Service (NPS).  
Due to alarming rates of loss, shelter coating with lime was recommended in 1986. Since 2000 the focus has 
been on maintaining shelter coats. In 2010 NPS’ Vanishing Treasures Program launched a project to “provide 
thorough condition assessment” of the Forts.  
For the condition assessment high resolution surveying, visual inspection with detailed crack mapping and NDT 
has been performed. The used NDT methods consist mainly of infrared thermography (IRT) supported by 
sounding, GPR, acoustic NDT and structural health monitoring.  The results of IRT led to a theory of the 
damaging process that is supported by the other data and numerical simulations. The focus of this paper and 
presentation is the condition assessment of Fort 2 with IRT, supporting data and resulting conclusions. 
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1. Introduction 

 
Fort Bowie was focus point of the conflicts between the west-expanding U.S. and the 

Chiricahua Apaches in the second half of the 19th century. It was finally decommissioned in 

1894 after final capitulation of Geronimo and the Chiricahua on September 4th 1886 and fell 

into ruins in the following decades until it became National Historic Site in 1964 under 

supervision of the U.S. National Park Service (NPS).   

 

   
 

Figure 1. Left: Fort Bowie in 1893 (left), source: Sherman, James E; Barbara H. Sherman (1969): “Ghost Towns 

of Arizona”, University of Oklahoma Press ISBN: 0-8061-0843-6. Right: Geronimo (right) and his warriors (f. l. 
t. r.) Yahnozha, Chappo, and Fun in 1886, source: Arizona Historical Society. Pictures are property of the public 

domain. 
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Today, the ruins of the smaller original Fort 1 from 1862 consist almost entirely of foundation 

stonework. On the largely expended cavalry Fort 2 (1868) the park experimented over the 

years with different preservation strategies of the remaining adobe walls. Due to alarming 

rates of loss, shelter coating with lime was recommended in 1986.  

Since 2000, the focus has been on maintaining shelter coats. Shelter coats are maintained by 

replacing detached plasters with new plaster, filling cracks, and renewing clay washes. 

Because the actual remaining “efficacy of the lime plaster shelter coat in preventing the 

deterioration and loss of the remaining material” is unknown NPS’ Vanishing Treasures 

Program launched a project to “provide thorough condition assessments of both the First and 

Second Forts” in 2010 [1].  

 

   
 

Figure 2. Left: A part Fort Bowie 2. Right: The shelter coat on this wall fragment has reached the end of its 
service life and is likely to be removed and replaced in-kind in an upcoming maintenance project. 

 

The main work components of our project under leadership of the University of Vermont are: 

1. anamnesis; 2. detailed digital and written documentation; and 3. the actual condition 

assessment. For the condition assessment high resolution surveying, visual inspection with 

detailed crack mapping and NDT has been performed.  

The used NDT methods consist mainly of infrared thermography (IRT) supported by 

sounding, ground penetrating radar (GPR), acoustic NDT and structural health monitoring.  

The results of IRT led to a theory of the damaging process that is supported by the other data 

and numerical simulations that are not presented here. The focus of this paper and 

presentation is the condition assessment of Fort 2 with IRT, supporting NDT and sensor data 

and resulting conclusions. Fort Bowie 1 has been mainly subject to surveys, visual inspection 

and cartography, results that are not presented in this context. 

 

2. Non-destructive damage assessment 

 
2.1 Utilized Technologies and results 

 

2.1.1 Infrared Thermography (IRT) 

Apart from visual inspection and sounding the mainly utilized non-destructive testing (NDT) 

technology has been Infrared thermography (IRT). IRT is a method of that utilizes body 

temperature related electromagnetic radiation of the infrared (IR) wave length ranging from 

0.7 to 14 µm to detect subsurface anomalies like voids and delaminations with so called 

infrared cameras with detectors that are sensitive in a certain range of the IR spectrum. In the 

project a micro bolometer camera in the spectral range of 7.5 – 13.0 µm and a frame rate of 

30Hz was used. With IRT anomalies can be detected based on their different material 

properties compared to the surrounding (sound) material and their reaction to temperature 
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changes in the environment. IR cameras measure the emitted radiation and convert these into 

an electrical signal. These signals are further processed to create maps of surface temperatures 

in temperature coded images, so called thermograms. A qualitative data analysis can be done 

from these thermograms.  If in our case the sun heats up the plastered surface of a sound 

adobe wall the heat propagates unhindered into the wall. But if there is a delamination in one 

of the layers the air functions as insulation and the area on top of the defect heats up faster 

than in the sound areas which can be seen in fig. 3 (right).  

 

   
 

Figure 3. Digital picture (left) and thermal image (right) of a wall section from building 35 of Fort Bowie 2 
facing to the east (south half). 

 

The hot/ red and yellow areas indicate areas that are likely to be delaminated. Of interest is 

also the green colored line on top of the wall witch can be interpreted as the boundary of the 

adobe under the plaster and mud cover. If digital image and thermogram are laid over as in 

fig. 4 transparency mode a localization of debonded areas is more easily achieved. As 

expected often the cracks indicate a debonded areas, but not always. 
 

 
 

Figure 4. Overlaid digital picture and 2 thermal images of building 35, west wall, north section, east face (south 
half) with location of four radar scans (11-14) and four locations along scan 11 for impact echo (y1 to y4). 

 

Note: Also surface effects like dirt, color or different materials, the shape of the surface and 

boundary conditions like shadows can strongly influence the IR data and can make the data 

interpretation challenging. Also the several layers of the wall affect the reading, which can be 

used to characterize section less and boundaries of the adobe. So, to validate the IRT 

sounding, ground penetrating radar and impact echo data was collected on selected wall 

sections. 
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2.1.2 Ground penetrating radar (GPR) 

Ground penetrating radar (GPR) is a NDT method that uses continuous high frequency 

electromagnetic waves in the microwave wavelength to locate objects and defects in objects. 

In the most common set-up one transmitting and one receiving antenna are moved equidistant 

over the investigated object thereby creating time slices, so called b-scans or radargrams, of 

the reflected waves or radargrams of that line scan. The received reflection is caused by 

various interfaces in the travel path of the magnetic waves and influenced by the 

electromagnetic material properties of the transmitted medium, especially electrical 

conductivity (inverse of resistivity) and relative dielectric permittivity.  

Fig. 5 shows examples of two vertical line scans at the marked positions in fig. 4 (right) using 

a high frequency GPR of center frequency of 2.6 GHz. Areas with strong signal indicate 

delaminations and those without bonded areas.  

 

 
 

Figure 5. Original GPR a-scans at horizontal red line and vertical b-scans at positions 11 to 14 (left to right as in 
fig. 4, right). 

 

Note: The shown results strongly correspond with the IRT results. As IRT, GPR seems to 

work well to detect bonded and debonded areas at Fort Bowie. But it should be noted here 

that this is suspected to be the result of the huge air gaps between plaster and mud as GPR is 

usually not very sensitive to detect air filled delaminations but rather to changes in the 

dielectric properties i.e. due to salt and water content.  A more promising tool to validate the 

IRT data was used with impact-echo (IE).  

 

2.1.3 Impact-echo (IE) 

Whereas GPR uses electromagnetic reflections, the impact echo (IE) method uses non-

continuous seismic or stress-waves to detect primarily delaminations. This is achieved by 

impacting the surface of the tested object with an impactor (small ball or hammer) and 

measuring the response at a nearby location with a microphone. Since in contrast to GPR IE is 

not a continuous method no line scans are created; only a-scans per measurement point. 

Fig. 6 shows results of four impact-echo measurements with a 10 kHz center frequency at 

locations y1 to y4 according to fig. 4, right. Each data set consists of three measurements at 

each location. Apart from the first peak that has to be neglected location y1 shows two peaks 

at f=2.3 and f=9.2 Hz and y2 show a peak at f=4.6 Hz indicating delaminations in positions 

x11, y1 and y2 and sound areas in positions x11, y3 and y4. Results that are all well in 

accordance with the IRT and the GPR data.  

Note: Results are quite in line with IRT and GPR data, but to interpret results each single 

measurement has to be analyzed. To do this kind of analysis for all data points and walls in 

Fort Bowie would have been too much an effort. But for certain points of interest to confirm 

IRT results IE has been of great value. 

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



 
 

Figure 6. Impact-echo test results (amplitude spectra) for coordinates x11 and y1 to y4 with 2 different scales: 0 
to 150 Hz with amplitude up to 10.000 (left) and 0 to 10 kHz with amplitude up to 1000 (right). 

 

2.1.4 Summary and conclusions of non-destructive data collection and interpretation 

IRT is a fast surface method able to scan whole areas very quickly. It can give areal maps of 

delaminated zones and also can show the sections of adobe under the plaster in certain cases 

but is strongly influenced by the surface and boundary conditions. GPR is a line measurement 

tool that is able to penetrate the thinner walls and might be able to be used for thickness 

measurements – results that are not shown in this contribution. It was able to detect 

delaminations, although it can be assumed to have achieved that under ideal conditions. Last 

but not least IE is the slowest of the three methods only giving point by point data. IE is very 

time consuming but is very effective in finding delaminations and can be used to verify the 

findings of IRT.  

Apart from finding damaged zones and delaminations especially the IRT results led to a 

theory for the cracking and damaging process that consists of four steps that are discussed in 

more detail in the following section.  

 

2.2 Damage process of the adobe shelter coats 
 

2.2.1 Temperature differences and shrinkage cracks 

The first hypothesis for the damaging of the plaster of the adobe is that temperature shrinkage 

leads to shrinkage strain and cracks in the plaster (compare the cracks in fig. 2, right and fig.3 

with typical shrinkage crack patterns from [2] in fig. 7, left). This hypothesis is supported by 

the fact that the damage is more significant on south, west and east facing walls than on the 
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north faces, where the measured temperature differences are significantly smaller (compare 

fig. 7, right with typical temperatures for a plastered wall on a summer day in Germany, 

whereas the temperature difference can be expected to be even higher in Arizona climate as 

shown in section 3vof this paper).  

To verify this theory thermocouple and temperature sensors have been installed and strain and 

temperature changes monitored over the course of the year (again: compare section 3 of this 

paper). 

 

 
Figure 7. Left: Typical crack pattern for shrinkage (contraction of volume) according to Table 6.24a of [2]. 

Right: Typical temperatures on the plastered surface of east, west, south and north facing walls on a summer day 
in Germany (according to fig. 1.51a of [3]). 

 

2.2.2 Temperature differences and shrinkage cracks due to differences in surface color 

Additional large temperature differences can be observed on the surfaces under direct sun 

radiation. Here areas with still intact brown wash heat up much more than those areas that 

already have washed and bleached out and have a white surface. Temperature differences of 

up to 30 F could be observed even in October in not delaminated areas. These differences in 

temperature are due to different emissivities/ absorption of the sun radiation. This observation 

is not only supported by infrared thermography measurements (compare i.e. fig. 3 and 4 with 

the high temperature in red in fig. 3 at the areas with brown wash) but also by literature 

(compare fig. 8).  

 

   
Figure 8. Typical temperatures on plastered west surfaces of varying color on a Summer day in Germany 

(according to fig. 1.51b of [3]).  
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These high temperature differences in adjacent areas lead to additional stress and strain 

differences and additional cracking in these sections as can be seen in the crack pattern of the 

Fort Bowie Adobe walls and also in some of the non-destructive testing data (compare also 

the sensor set-up in fig, 11, right and section 3 of this paper with sensor set-up and data from 

temperature and strain sensors on surfaces of different color). 
 

2.2.3 Debonding between lime plaster and mud plaster/ adobe 

Using infrared thermography, sounding and visual inspection debonding of the plaster and 

underlaying layers can be observed in large sections especially of south, west and east facing 

walls. This can be attributed among other things to a lack of bond between adobe and mud 

and a large difference in the thermal expansion coefficients of these two materials and 

resulting bond strain and stresses (lime plaster has an estimated coefficient of thermal 

expansion of about 12·10-6/K and mud/ adobe clay of 6.5·10-6/K, which is close to a factor 

of two difference, according to Table 6.24a of [2]). This strain difference is of course bigger 

in the brown/ hot section of east, west and south faces than on the north faces, which would 

be another reason for the north facing walls having less debonding and damage than the other 

sides (again compare also section 3 of this paper). 

 
2.2.4 Opening of the cracks, further debonding and wash out 

The final step in the damaging of the lime plaster also affects the underlying mud and adobes 

themselves. Due to thermal expansion, debonding and freeze-thaw reaction the cracks and the 

debonded areas extend. Apart from spalling water can enter the cracks and wash out of the 

mud and even the adobes happens during the rainy season especially at the bottom sections of 

the adobes.  

Note: Also a possible significant influence of the momentarily used material combination and 

crafting procedures of the shelter coats can be observed.  But these and resulting 

consequences and rehabilitation measures are not part of this contribution. 

 

3. Monitoring of temperature and strain development 

 
3.1 Sensor installation on corner section of building 35 

 

To verify the hypothesis in section 2.2 of this paper sensors where installed in typical building 

fragments located in a corner of building 35 of Fort Bowie 2 (fig. 9, left).  

 

 

The chosen building site combines several advantages: 

• typical damages of the shelter coats, 

• data already collected before repairs, 

• the possibility to mount sensors in all four cardinal directions, 

• remote location but clear visibility and line of site from park rangers based in visitor 

center (fig. 9, right). 

 

The solution is based on a wireless network and consists of six thermocouples (TC) (four TCs 

in equidistance from bottom and two as reference with white and black paint) and four strain 

gauges (SG) calibrated for materials with temperature coefficients α≈ 23·10-6 for each of the 

four faces facing the cardinal directions (compare fig. 9 and 10). 
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Figure. 9. Left: Sensor set-up in NW corner of building 35 (compare also fig.10). 
Right: Test setup location and distances; source: Google Maps. 

 

   
 

Figure. 10: Sensor positions on walls of building 35. 

 

3.2 Sensor data 

 

The data collected between July 2
nd

 2013 and January 28
th

 2014 by strain gauges (SGs) in 
more than 6 month of data collection can be seen in the following fig. 11.  

Some of the sensors seem not to work correctly, especially the nodes for the strain gauges on 

the west facing wall. But generally the data confirms the assumptions from section 3.1 as the 

largest strain difference can be observed for the south facing wall with up to ε=|4300| µm/m, 

whereas the north facing wall shows the smallest strain difference of up to ε=|1500| µm/m at 

the top. This makes sense as the north facing wall is the only side without direct sun radiation. 

These assumptions are even further confirmed if one considers the thermocouple data in fig. 

12 and 13. As there is only a limited amount of pages available for this paper, only the 

extremes: north and south facing walls with white and black paint are considered here. 

As expected both, the influence of the direction as well that of the color can be observed. 

Generally the temperature difference on the daily cycle is much larger on the south facing 

wall than on the north facing wall by more than 40 F (about 20 K). Also the color has no 

influence on the north face as there is no direct sun radiation but one of up to 15 F (about 7 K) 

on the south face. 
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Figure 11. Strain data, general: bottom (channel 1) to top (channel 4). Top left: east facing wall, channel 4 is not 
working.  Top right: south facing wall, bottom (channel 1) to top (channel 4); channel 4 might not be working 

properly. Bottom left: west facing wall, all channels seem not to be working properly. Bottom right: north facing 
wall, bottom (channel 1) to top (channel 4). 

 

 

    
 

Figure 12. Temperature data in F, south wall, reference sensors (white and black). 
 
 

    
 

Figure 13. Temperature data in F, north wall, reference sensors (white and black). 
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4. Conclusions 

 
Large temperature changes lead to large strains especially in the west, but also in east and 

south facing walls and much smaller ones in the north facing wall surfaces. The surface color 

has an additional influence. Although it can be stated that the damaging factor resulting from 

the annual cycle in general seems to be much more dominant than the influence of the surface 

color, the latter is further increasing the first one. So the start of small micro cracks in these 

local areas of higher strain could only be proven by simulations (not presented here) but are 

likely. The debonding is confirmed by IR, GPR and IE data as well as sounding. The final 

stage of the damaging process is not only strongly supported by the data but also by literature 

and standards. Due to thermal expansion, debonding and freeze-thaw reaction the cracks and 

the debonded areas extend. Apart from spalling water can enter the cracks and wash out of the 

mud and even the adobes happens during the rainy season especially at the bottom sections of 

the adobes. The next step in the damaging of the lime plaster also affects the underlying mud 

and adobes themselves. Also a possible significant influence of the momentarily used material 

combination and crafting procedures of the shelter coats can be observed.  But these and 

resulting consequences and rehabilitation measures are under discussion and not part of this 

contribution. 
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